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 Lithium-ion batteries (LIB) are a technology that have been commercialized since 
1991 for portable electronics. Research and development have dramatically reduced the 
cost of LIBs over the past ten years such that it is becoming more feasible that electric 
vehicles utilizing LIBs can compete with vehicles using the internal combustion engine. 
To continue to reduce the cost of LIBs, novel cathode processing strategies must be pursued 
and the impact of these strategies on the cathode’s microstructure and performance must 
be well-understood. Moving beyond LIBs, solid-state lithium metal batteries (SSLMBs) 
are a safer, more energy-dense alternative due to non-flammable, thin solid electrolytes. 
However, the widespread commercialization of SSLMBs is bottlenecked by the 
development of a cathode and electrolyte pairing that are scalable, electrochemically stable, 
and retain good contact throughout cycling. 
 This dissertation is focused on LIB processing strategies that limit or eliminate the 
use of N-methyl-2-pyrollidone (NMP), the toxic, expensive solvent used in cathode slurry 
processing. By implementing a novel suite of rheological testing protocols, this dissertation 
demonstrates that less NMP is required when a cathode slurry is heated throughout the 
mixing, storage, and coating stages. Eliminating NMP by replacing it with water is an even 
more promising possibility, though cathode materials are reactive in water. The surfaces of 
five commercialized cathode materials were investigated after water exposure and the 
leaching of the materials’ comprising elements was measured. The most promising of the 




found to be entirely unsuitable with water. The cause of this incompatibility was identified 
and was solved with the addition of an inexpensive additive: polyacrylic acid. 
 Finally, a UV-curable solid polymer electrolyte was paired with nickel-rich 
varieties of LiNixMnyCo1-x-yO2 (NMC, x ≥ 0.6). The sources of failure in a SSLMB 
containing polymer electrolyte were deconvoluted and suggest that polyethylene oxide-
derived polymer electrolytes are stable with high-voltage cathode materials. By 
understanding the impact of processing conditions on cathode material interfaces, the cost 
of LIBs for electric vehicles will continue to drop and SSLMBs may reach 
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1.1 Societal Significance of Lithium-Ion Batteries 
Before the late nineteenth century, human-caused carbon emissions were 
essentially nonexistent. The onset of the Industrial Revolution sparked dramatic growth in 
many economies worldwide due to the utilization of fossil fuels as an energy source. Now, 
carbon dioxide (CO2) emissions exceed 35 billion metric tons annually worldwide and have 
caused the atmospheric CO2 concentration to increase from 300 ppm in 1900 to slightly 
over 400 ppm today [1]. This translates to a global temperature anomaly of nearly 1.0°C 
from the 1951-1980 average global temperature [2]. A warming climate will eventually 
have destructive impacts on the environment, economy, and the standard of living of most 
organisms, including humans. 
Mitigating anthropogenic climate change is an ambitious undertaking that will 
require innovation in the residential, commercial, industrial, and transportation sectors. In 
working towards this goal, the largest gains in the transportation sector will be made in 
replacing internal combustion engine vehicles (ICEVs) with zero emission vehicles (ZEVs) 
that do not directly contribute to greenhouse gas emissions. In 2019, 38% of electricity 
generation in the United States came from zero emission sources, namely nuclear power 
and renewable energy sources like wind, solar, and hydroelectric [3]. A projection by the 
Energy Information Agency suggests this number could rise to 50% by 2050, with the 
comparatively cleaner natural gas (117.0 lb CO2·million Btu
-1) continuing to phase out the 
comparatively dirtier coal (215 lb CO2·million Btu
-1, depending on quality of coal) [4]. In 
summary, even with the inclusion of natural gas and coal, electricity generation is a cleaner 





Perhaps the most promising ZEV is the battery electric vehicle (BEV) due to the 
affordability and maturity of the technology when compared with other ZEVs, such as 
hydrogen fuel cell vehicles. The confidence in BEVs as the sustainable vehicles of the 
future is reflected in both the industrial and governmental arenas. Internationally, 
automotive manufacturers are making large investments in developing BEVs. As shown in 
Table 1, many automotive manufacturers are shifting to an all-ZEV offering within the 
next 20 years. It should be noted that all tables and figures in this dissertation may be found 
in the appendix. From a governmental perspective, many European countries have stated 
they will outlaw the sale of ICEVs within the next 20 years (see Table 2) [5]. Domestically, 
45 states offer some kind of electric vehicle incentive, either through the state government 
or a utility, including income tax credits, sales tax exemptions, and rebates on home 
charging stations [6]. The Biden administration has also announced plans to transition the 
645,000 vehicles in the federal government’s fleet to electric vehicles by 2030 [7]. 
 Presently, BEVs use rechargeable lithium-ion batteries (LIBs) as the means of on-
board power storage. LIBs offer more energy per unit mass and volume than nickel metal 
hydride batteries since lithium is the lightest and most electropositive metal [8]. Research 
and development has been able to steadily cut the cost of LIBs from $1160·kWh-1 in 2010 
to $137·kWh-1 in 2020 [9]. The United States Department of Energy has declared the goal 
to reduce the cost of LIBs to $80·kWh-1 within the next ten years [10]. To capitalize on 
these decreasing costs and satisfy these industrial, governmental, and societal shifts, market 
projections suggest that the LIB market could increase five-fold from the current market 




required: (1) the development of inexpensive, high-performance materials and (2) the 
implementation of revolutionary manufacturing strategies. The best engineering practices 
cannot salvage unsuitable materials; similarly, optimal materials do not approach their 
theoretical performance without precise assembly. 
1.2 Materials, Functionality, and Production of Lithium-Ion Batteries 
1.2.1 Foreword 
 This section contains material modified from the following review paper published 
in the Journal of Energy Storage on which I am the first author: 
 W. B. Hawley, J. Li, Electrode manufacturing for lithium-ion batteries - Analysis 
of current and next generation processing, J. Energy Storage 25 (2019) 100862. 
 My contributions to this review were as follows: (1) creating an outline of the facets 
of electrode manufacturing that we wanted to discuss, (2) finding relevant literature and 
figures to support our statements, and (3) writing and revising the manuscript during the 
review process. My adviser, Jianlin Li, is the other co-author on this paper. His 
contributions were the following: (1) providing relevant literature for several sections of 
the paper, (2) imparting guidance on the structure of the paper, and (3) revising the 
manuscript before submission to the journal. Modifications are made from the journal 
article in order to frame its meaning in the broader context of the dissertation as well as 





1.2.2 Materials Overview 
 LIBs consist of two porous electrodes filled with liquid electrolyte and separated 
by a thin, porous membrane called the separator. The electrodes are connected with an 
external circuit to facilitate electron transfer between them, while the mobile phase in the 
electrolyte are the ions. The positive electrode, generally referred to as the cathode, 
receives lithium ions from the negative electrode, or the anode, during cell discharge. 
Conversely, during charge, ions move from the cathode to the anode. Most commercialized 
electrodes are intercalation-type electrodes, meaning the lithium ions insert themselves into 
the crystal lattice of the host material, and the individual reactions commonly only consist 
of one electron. Another type of electrode is the conversion electrode, which is seen in 
lithium-sulfur and lithium-oxygen batteries, in which a sulfide or oxide species, 
respectively, is formed on the surface of the cathode. While conversion cathodes have 
higher energy densities than intercalation cathodes, the performance is degraded by sulfur 
and oxygen crossover and the safety is compromised since lithium dendrites are formed 
more readily [12]. 
 For LIBs to reach their full potential as an energy storage technology, each of the 
components needs to be optimized, namely the electrolyte, separator, anode, and cathode. 
A brief overview of the materials and functions of the electrolyte, separator, and anode are 
shown in Table 3. In this work, intercalation cathodes are the material of consideration and 
will be discussed in further detail. 
 To facilitate the lithium intercalation reaction, cathodes consist of active materials. 




crystal structures. The first commercial LIBs used lithium cobalt oxide (LiCoO2, LCO) as 
active material [13], though cobalt is a rare, expensive metal with many human rights issues 
concerning its procurement. An alternative material, lithium nickel oxide (LiNiO2, LNO), 
was never commercialized due to oxygen gas release leading to deleterious side reactions 
with electrolyte [14]. LNO also experiences a large volume expansion when delithiated, 
which, while reversible, steadily damages the cathode over time. However, using nickel as 
the transition metal does increase the theoretical energy density and decrease cost due to 
its relative abundance. 
 To obtain the best combination of thermal stability, cycling stability, cost, and 
theoretical energy density, a combination of transition metals may be used. Among the 
most popular materials are NMC-type materials, whose chemical formula consists of some 
ratio of nickel, manganese, and cobalt, respectively (LiNixMnyCo1-x-yO2). Common NMC 
compositions include NMC111, 532, 622, and 811, with the numbers representing the ratio 
between the respective metals. NMC materials can typically achieve at least 160 mAh·g-1 
in the potential range of 2.5-4.4 V (with a nominal voltage of about 3.70 V for Ni-rich 
varieties), with specific capacities approaching 200 mAh·g-1 possible with increasing 
nickel content and upper cutoff potential [13]; however, higher nickel contents and upper 
cutoff potentials lead to faster capacity fade and an increase in undesirable side reactions 
with electrolyte [15]. Another cathode active material with the layered oxide structure is 
lithium nickel cobalt aluminum oxide (LiNixCoyAl1-x-yO2, NCA). The most common 
stoichiometry for NCA is x = 0.8 and y = 0.15 (nominal voltage = 3.70 V, specific capacity 




manganese does in NMC. When compared to NMC materials, NCA materials have the 
advantage of better cycle life since manganese dissolution into the electrolyte during 
cycling can poison the anode [16]. On the other hand, Ni-rich NMC materials have better 
thermal stability and are cheaper due to lower cobalt content [16]. Due to their high energy 
densities, NMC811 and NCA are materials of interest for BEV applications. 
 Other cathode active materials include lithium iron phosphate (LiFePO4, LFP), 
which has an olivine structure, and lithium manganese oxide (LiMn2O4, LMO), which has 
a spinel structure. Compared to the other materials discussed, LFP (nominal voltage = 3.45 
V, specific capacity = 140-170 mAh·g-1) [13] has a low energy density and electronic 
conductivity; to remedy the latter, it is common for manufacturers to coat LFP particles 
with carbon. Despite these disadvantages, LFP has excellent thermal stability, stable in 
electrolyte, and is nano-sized, meaning it has good power capability when combined with 
a carbon-coating [17-19]. LMO (nominal voltage = 4.10 V, specific capacity = 110 mAh·g-
1) is a high-voltage cathode material, though it is the least energy-dense of materials 
discussed so far [13]. Substituting a portion of the manganese ions with high-capacity 
metals, such as nickel, can increase the specific capacity of the material greatly and, when 
combined with its high nominal voltage, can lead to extraordinarily energy-dense materials. 
However, unlocking the capability of these materials requires significant advancement in 
the electrolyte, since the electrolyte must be stable at high oxidation potentials. 
1.2.3 Conventional Cathode Manufacturing 
The electrode manufacturing procedure begins with a mixing stage, in which the 




Most of the literature refers to this suspension as a slurry, though the terms paste and ink 
are sometimes used as well. The main ingredients of an electrode slurry are the active 
materials, conductive additives, and binders. As mentioned, active materials are the hosts 
of the intercalation reactions, though most of them have very poor electronic conductivity 
and receive a boost from the conductive additive. The binder is an insulating long-chained 
polymer that provides connection between the current collector and the active materials. 
Both the conductive additive and binder contribute greatly to the flow properties of the 
slurry. The conductive additive particles are small (~100 nm) and thus generate more stress 
since they have more collisions per unit volume. The binder also links particles together 
and can form a “soft solid” weakly flocculated state in the slurry. It is important that the 
ratio between components allows for good adhesion and conductivity while also 
maximizing the amount of active material [20]. Slurry additives may be required depending 
on the solvent used to prevent particles from agglomerating, for example. The most 
important characteristics of an electrode slurry are that it be: (1) processable, meaning it 
can be coated quickly and applied to the current collector with few defects and sharp edges 
to minimize cutoff waste, and (2) stable, meaning it will not succumb to gravitational 
settling or agglomeration during storage. Since slurry can be stored for several hours before 
being mixed, it is very important to maintain desirable slurry properties for some time after 
mixing. 
Industrially, slurry mixing is most commonly carried out via hydrodynamic shear 
mixing in planetary mixers or Cowles sawtooth impellers [21-23]. Smaller stirrers use the 




the slurry solid loading. Ball-milling is also used, though mainly in lab-scale studies or to 
dry blend active materials and conductive additives since it has been shown to degrade 
some binders [24]. An interesting mixing method under development is ultrasonication, 
since it can create high-quality suspensions with far less time and energy input than shear 
mixing [25, 26]. However, the scalability of ultrasonic mixing has yet to be demonstrated, 
since the intensity of cavitation is difficult to replicate across a larger sample volume. As 
mentioned, pre-mixing of active material and conductive additive [27-29] and the 
sequential addition of ingredients or solvent [30-33] have both been shown to impact the 
slurry quality and the contacts between slurry components, though both lie outside the 
scope of this dissertation. 
Once mixed, the slurry is coated onto a current collector. Typically, aluminum is 
used for cathodes and copper is used for graphite-based anodes, though some anodes with 
a higher voltage plateau (such as lithium titanate oxide, Li4Ti5O12) may also use aluminum 
current collectors [34]. Usually, the current collectors are untreated thin foils, though 
meshes, foams, coated foils, or etched foils have also been studied [34]. On a lab scale, 
coating is usually performed with small-scale equipment such as a doctor blade or a film 
applicator. Meanwhile, at the industrial level, the state-of-the-art coating instrument is the 
slot die coater [35]. Ding et al. have contributed a comprehensive overview of the theory 
of the slot-die coating technique [36]. After coating, the solvent must be evaporated to 
near-dryness; if the electrode is still wet, the solvent can react with the electrolyte in the 
cell, and if the electrode is too dry, defects such as mud cracking can occur. A brief 




Compared to mixing, coating and drying are far quicker steps. Some modern slot-
die coating processes have claimed line speeds of 50 m·min-1, though there is desire to 
reach even faster speeds, which has in part led to the recent advent of electron beam curing 
[37, 38]. Meanwhile, drying takes place on the order of 1-2 min. Despite the processes 
being quicker, the costs associated with coating, drying, and solvent recovery are roughly 
ten times as expensive as mixing [39]. 
Mechanistically, electrode drying consists of three processes occurring in concert: 
(1) Evaporation of the solvent, (2) Diffusion of the binder (and conductive additive 
particles) [40-56], and (3) Sedimentation of the active material particles [41]. These 
processes have been studied in three distinct ways; the first is to change one parameter in 
the drying process (drying time, drying temperature, solid loading, slurry thickness, etc.) 
and determine the resulting impact on the electrochemical performance of the electrode. 
The second approach to drying studies is to examine electrode morphology with imaging 
or chemical techniques, and the third is to use computer simulations to understand the 
impact of different drying parameters on the morphology and performance of the electrode. 
Table 5 compares the advantages and disadvantages of these three methods. 
Despite the variety in methods used to studying electrode drying, some fundamental 
process knowledge has been uncovered across all three approaches. Particularly, studies 
have agreed upon the presence of binder and conductive additive migration. This refers to 
the upward diffusion of these electrode components during drying, as they are dragged 
upward by solvent molecules that are brought to the surface for vaporization. Migration of 




since less binder is located close to the substrate surface. Further, more long-chained 
insulating polymer near the surface of the coating will impede lithium ion intercalation. 
Having more conductive additive at the electrode surface due to migration is also negative 
since this causes an unfavorable distribution of electronically conductive pathways. 
To minimize binder and conductive additive migration, a three-zone dryer has 
proven effective [52, 57]. In the first zone, the drying rate increases, since immediately 
after coating there is an excess supply of solvent at the surface. The transition between the 
first and second zone is when the drying rate is constant, when there is a steady supply of 
solvent being pulled from the coating to the surface. Eventually, the coating is mostly dry, 
but there is still residual solvent trapped beneath layers of solids that is difficult to remove; 
this causes the rate of drying to decrease in the third zone. In the first zone, the temperature 
should be relatively cool (~90°C), then progressively increase in the second (~110°C) and 
third (~140°C) zones [58]. 
After drying, the coating is compressed down to the desired thickness and porosity 
in a step called calendaring or pressing. While some void space is necessary for liquid 
electrolyte to form ionically conducting pathways in the electrode, having too much 
porosity increases the electrochemically inactive volume in a cell. Therefore, a compromise 
must be made between porosity and energy density. After calendering, a secondary vacuum 
drying step may be enacted to remove residual solvent.  
The remaining stages are electrode slitting, winding, packaging, and assembled cell 
formation, aging, and inspection (see Figure 1). However, the details of these stages lie 




reviews for more information on cell assembly, electrolyte wetting, formation, and aging 
[59, 60]. It is imperative that fundamental understanding is gained on the influence each 
processing step has on the electrode morphology and performance. It is also a goal of 
researchers to pursue methods by which each step may be made more cost effective or 
expedient to match the rising demand for LIBs. The energy inputs, equipment costs, and 
wages required for the electrode manufacturing process accounts for roughly 15% of the 
total battery pack cost [61-63]. 
1.3 Fundamentals of Solid-State Lithium Metal Batteries (SSLMBs) 
1.3.1 Transitioning from Liquid to Solid Electrolyte 
 As mentioned, LIBs use a liquid electrolyte, which most commonly consists of an 
inorganic salt dissolved in an organic solution. The most prevalent salt used is lithium 
hexafluorophosphate (LiPF6) while the organic solution is commonly a combination of 
carbonates like ethylene carbonate (EC), propylene carbonate, diethyl carbonate (DEC), or 
dimethyl carbonate (DMC). Liquid electrolytes with this recipe yield ionic conductivities 
around 5-20 mS·cm-1 [64] and have a high electrode-electrolyte contact area since they can 
fill pores remaining in the electrode after calendering and after particle fracture during 
cycling. 
 The concept of an all-solid-state battery has been developed to alleviate two 
problems that are commonly seen when using liquid electrolyte: (1) underlying safety 
concerns and (2) performance limitations. The safety concerns lie primarily in the 
flammability of the electrolyte [65]. Additives for electrolytes to make them flame 




can negatively impact performance [66]. As for performance limitations, liquid electrolytes 
can engage in side reactions that gradually build impedance in the cell, though this typically 
matters more at the anode-electrolyte interface [67]. Liquid electrolytes also have low 
transference numbers which can lead to high concentration polarization [65]. Finally, the 
use of liquid electrolytes mandates the use of a separator, which is an inactive component 
that increases cell thickness, adds cost, and reduces energy density. 
 As mentioned, solid electrolytes are being designed to minimize these problems. 
There are a number of classes of solid electrolytes that have been investigated, each with 
their own advantages and disadvantages, including polymer, oxide, and sulfide-based 
electrolytes [68]. Table 6 shows a comparison between these materials. In this dissertation, 
polymer electrolytes are the prime consideration. Generally, the main obstacles to be 
overcome with polymer electrolytes are low conductivity, lithium dendrite resistance, 
maintaining proper solid-solid contact throughout cycling, and electrochemical and 
chemical compatibility between the electrode and electrolyte. It is still up for debate as to 
which of these issues is the most detrimental to the performance of solid-state cells made 
with high-voltage cathode materials and polymer electrolytes. 
 It should be stated that in addition to the SSLMB, other post-lithium-ion battery 
(PLIB) technologies exist, such as sodium-ion batteries (SIBs) and lithium-air batteries 
(LABs). SIBs are intriguing in that they can be mass-produced in a fashion very similar to 
LIBs while making use of the more abundant, less expensive sodium as opposed to lithium. 
However, SIBs are not as energy dense as LIBs and thus these cost savings are dominated 




LABs are particularly interesting, as they are capable of > 1200 Wh·kg-1cell [69]. However, 
there are many fundamental design and chemistry issues with LABs, such as the pores of 
the air electrode becoming blocked or air impurities generating harmful side products. With 
these considerations in mind, the SSLMB balances significant improvement in cost savings 
and energy density with technical and manufacturing viability as well as any PLIB. 
1.3.2 SSLMB Cathode Considerations 
 In addition to the obvious difference in electrolyte, there are differences in the 
electrodes between LIBs and SSLMBs. On the anode side, LIBs frequently use graphite 
due to their relatively high theoretical capacity, cost, and compatibility with aqueous 
processing. The primary reason lithium metal cannot be easily used in LIBs is due to 
dendrite growth, which refers to lithium buildup on the surface of the electrode which can 
eventually contact the other electrode and lead to an internal short circuit [70]. In SSLMBs, 
some solid polymer electrolytes (SPEs) have been developed that suppress dendrite 
growth, meaning lithium metal anodes can be used [71, 72]. Lithium metal anodes are 
preferable since they have high theoretical capacity (3860 mAh·g-1) and the lowest 
reduction potential (-3.045 V vs. standard hydrogen electrode) [73]. This allows for anodes 
to be made thinner, which subsequently permits a higher energy density. 
 For the SSLMB cathode, many of the same materials used in LIB cathodes are 
strong candidates. However, accessing the active materials in a porous cathode is much 
more difficult with a solid electrolyte, since a liquid electrolyte can fill the pore space [74]. 
To combat this, many SSLMB cathodes films are made with solid electrolyte included, 




electrolyte with active material particles and coating them onto a substrate, similar to LIB 
cathode wet processing [75]. Connectivity issues between the active materials and solid 
electrolyte are exacerbated during cycling, when the repeated volume expansions and 
contractions during lithium intercalation and deintercalation can form cracks between the 
phases and lead to drastic capacity fade [76]. To remedy this, polymeric binders can be 
added to promote contact between the active material and solid electrolyte [77, 78]. For 
sulfide-based electrolytes, binder selection can be especially complicated, since these 
electrolytes are incompatible with many solvents that could be used in slurry processing 
[79]. While additional free space in the cathode also helps withstand these mechanical 
strains, it is important to densify the cathode in order to ensure proper transport of lithium 
ions and electrons [80]. 
1.4 Research Objectives 
 As hopefully demonstrated by the detail of the previous sections, the volume of 
atomistic, microstructural, and macroscale processes involved in the function and 
manufacturing of LIBs and SSLMBs makes their study a complicated, though important, 
effort. In Table 7, an overview of the phenomena studied in this dissertation is presented. 
Included in this table is a list of characterization techniques that can be used to study the 
phenomena. These techniques are discussed from a scientific perspective in Chapter 2. In 
this dissertation, these colloidal and surface phenomena have been identified as critical to 
reaching the cost goals necessary to make LIBs cost-competitive with ICEVs. In the case 
of SSLMBs, the technology readiness level (TRL) is still sufficiently low that this 





dissertation focuses more on design features, specifically active material and SPE stability 
and active material synthesis. 
 Of course, a number of other factors will have some influence on the performance 
of the cathodes fabricated in this study. These factors include (but are certainly not limited 
to): (1) microstructural reconfiguration during drying, (2) electrode surface roughness, (3) 
alignment of electrodes during coin cell construction, (4) solid electrolyte interphase 
formation, and (5) quality of non-cathode materials used, specifically graphite or lithium 
metal anode, separator, and liquid or solid electrolytes. To isolate the phenomena-of-study 
as much as possible, identical protocols are used when comparing baseline cathodes to the 
ones built for purposes of this study. 
 In state-of-the-art cathode manufacturing, the properties of the slurry formed during 
mixing have significant influence on the eventual performance of the cathode. Specifically, 
it is key to prevent particle agglomeration and sedimentation, the latter of which occurs 
rapidly when using micron-sized active materials. In Chapter 3, it is demonstrated that 
applying heat during the mixing stage can keep particles suspended by forming a stronger 
bridging network with the binder. It is further proposed that this temperature increase can 
lead to faster, safer, and less expensive cathode production. 
 Although heated mixing and coating may help cut costs and improve safety now, a 
more substantial improvement can be made with the implementation of aqueous 
processing, which replaces the hazardous NMP solvent with water. However, aqueous 
processing poses a number of technical challenges, the most demanding of which may be 




aluminum current collector. In Chapter 4, lithium and transition metal dissolution is 
measured and its impact on the structure and surface of the particle is appraised. The 
materials studied (LCO, LFP, LMO, NMC532, and NCA) represent materials needed for 
a wide variety of applications, as discussed in Section 1.2.2. In the end, polyacrylic acid 
(PAA) is proposed as a pH modifying agent that makes possible the aqueous processing of 
Ni-rich NCA, which has yet to be shown to be compatible with aqueous processing without 
laborious and expensive particle pretreatments. Chapter 5 provides a mechanistic 
understanding of how PAA and NCA interact in solution and how PAA solves some of the 
key issues with aqueous processing. 
 Still further cost reductions and boosts in energy density can be realized with the 
development of SSLMBs, a technology still relatively in its infancy. There are a 
combination of problems still blocking polymer-electrolyte based SSLMBs from 
widespread commercialization, including: (1) lithium dendrite suppression, (2) 
unoptimized cathode design to promote long cycle life, and (3) side reactions between 
cathode material and polymer electrolyte. In Chapter 6, these three failure mechanisms are 
deconvoluted using a scarcely-used dust electrode concept that is applied to perform single 
particle studies of energy-dense NMC811 with a novel, ultraviolet (UV)-curable gel 
polymer electrolyte (GPE). This technique, when coupled with galvanostatic 
charge/discharge studies, allows for proper prioritization of these three modes of failure. 
In Chapter 7, a summary and some perspectives on the implications of this work are 





CHAPTER TWO  
EXPERIMENTAL CHARACTERIZATION TECHNIQUES 





2.1 Material Property Characterization 
2.1.1 Rheology 
 Rheology is the study of how materials respond to deformation and flow conditions. 
Several rheological properties may be used to provide both bulk flow properties and 
information about a fluid’s microstructure. Electrode slurries may be considered colloidal 
suspensions, considering they have particles substantially larger than the suspending 
medium’s molecules and particles small enough to still be subject to Brownian motion 
[81]. The most commonly reported rheological property is dynamic viscosity, which is 
equal to a material’s stress divided by its shear rate. 
 A number of factors play a role in the stress developed in a fluid, including (1) 
hydrodynamic forces due to shear, (2) Brownian forces originating from random thermal 
collisions between the colloidal particles and solvent molecules, (3) attractive, dispersion 
forces because of fluctuations in an atom’s electron cloud, (4) surface forces due to charged 
surfaces, adsorbed ions, surfactants, or polymers, and (5) depletion forces originating from 
inaccessible space for polymer or nanoparticles between particles. At shear rates on the 
order of several hundred s-1, hydrodynamic forces are dominant. Conversely, when slurries 
are at rest, the other forces play a more significant role. 
To measure viscosity, a flow ramp test may be used. In flow ramp testing, the shear 
rate is increased logarithmically between two predetermined values and the resulting stress 
in the suspension is measured. It is possible to estimate the yield stress from this testing, 
which is another key rheological parameter. The yield stress is the minimum amount of 




To evaluate the strength of the microstructure of a slurry, minor perturbations may 
be applied in small amplitude oscillatory shear (SAOS) testing. In SAOS experiments, 
either the strain or frequency of rotation may be ramped in amplitude or frequency sweep 
testing, respectively. Two properties, the storage (G’) and loss (G’’) moduli, are measured 
in SAOS testing. G’ is the amount of energy that is absorbed by the material once the 
perturbation is applied, while G’’ is the amount that is dissipated after the perturbation. 
The relative ratio of G’ to G’’ provides information as to the relative solid-like or liquid-
like behavior of a viscoelastic material, with G’ being a measure of the solid-like (or elastic) 
character and G’’ being a measure of the liquid-like (or viscous) character. Electrode 
slurries typically exhibit G’ > G’’ at low strain (< 1%) and at moderate frequency (> 1 
rad·s-1) due to a bridging particle-polymer network existing at rest. 
 For electrode slurries, the best rheometer configuration is the coaxial cylinder (or 
bob-and-cup) configuration. Other rheometer configurations, such as the cone-and-plate 
and parallel plate, are best used for fluids far more viscous than electrode slurries. In a 
coaxial cylinder configuration, the fluid is poured into a sample cup. Next, a center-aligned 
cylinder geometry is lowered into the sample cup, becoming fully immersed in sample. 
The stress in the sample is a function of the torque measured during shear as well as the 
radius and height of the bob and the cup. 
2.1.2 Scanning Electron Microscopy 
 Scanning electron microscopy (SEM) is a high-resolution technique used to image 
the microstructure of many samples, including battery electrodes. In SEM, an electron 




from the elastic and inelastic interactions between the beam and the sample produce an 
image. Elastic interactions occur when an incident electron collides with the sample but 
does not ionize the sample. These incident electrons are then detected as backscattered 
electrons (BSEs), which have 60-80% of their original energy [82]. Due to their high 
energy, BSEs do not provide great lateral resolution, but can reveal features far below the 
surface of the sample. Conversely, inelastic interactions do ionize the sample, freeing a 
secondary electron (SE) from the outer orbital of the sample. SEs have far lower energy 
(3-5 eV) and can provide roughly two orders of magnitude greater lateral resolution (10 
μm) than BSEs. Other inelastic interactions include the generation of Auger electrons, 
characteristic X-rays, and cathodoluminescence, which occur when inner orbital electrons 
are ejected from the sample and thus require re-ordering of electrons within the sample. 
SEs are attracted to a positively biased Faraday cage and BSEs are attracted to a negatively 
biased Faraday cage to prevent crosstalk. The electrons are converted to photons using a 
scintillator and then back to electrons using a photomultiplier tube (PMT), which provides 
an output voltage that dictates the brightness of the image. 
 Nowadays, SEM instruments produce electrons using a field emission gun (FEG) 
to produce beams with high current, small spot size, adjustable energy, and low energy 
dispersion [82]. FEGs use a single crystal tungsten wire with a finely crafted sharp tip as 
an electron source. A strong electric field forms on the tip and electrons are drawn towards 
two anodes, one of which is used to extract electrons from the tip and the second of which 




2.1.3 X-Ray Diffraction 
 X-ray diffraction (XRD) is a non-destructive technique used to obtain information 
about a sample’s crystal structure, or the three-dimensional arrangement of its atoms. The 
crystal structures of crystalline materials consist of repeatable segments of atomic 
arrangements called unit cells. Atoms within the unit cell can be identified by their distance 
from the origin along three axes (x, y, and z) with lengths a, b, and c. For instance, the 
center of an atom with the coordinates (1/2, 1/3, 1) is located a distance of a/2 from the 
origin along the x-axis, a distance of b/3 from the origin along the y-axis, and a distance of 
c from the origin along the z-axis. Representing a plane that encompasses the atom with 
these coordinates can be done by taking the reciprocal of these coordinates. From the 
previous example, then, the indices of this plane would be (231). These numbers are 
referred to as the Miller indices and are assigned the values h, k, and l, respectively. 
 A typical X-ray source is the cathode ray tube, which contains a tungsten filament. 
To generate X-rays, a current is passed through the filament. The incident X-ray beam 
interacts with the sample and generates characteristic X-rays as a result, similarly to how 
SEM does with an electron beam. The X-ray spectra obtained are a function of, among 
many things, the target material. A commonly used X-ray is Cu-Kα, which has a 
characteristic energy of 8.05 keV, corresponding to a wavelength (λ) of 1.54 Å. The reason 
X-rays are used is that they interact with the electrons in the sample; the electric field of 
the X-rays causes electrons to oscillate and re-emit radiation. 
 During operation, the cathode ray tube and the detector move in synchronized 




radiation is diffracted in so-called constructive interference (see Figure 2). This produces 
a signal in the detector, which yields a diffraction pattern plotting relative signal intensity 
as a function of 2θ, which is the angle between the incident and diffracted beams. The 
peaks correspond to various planes in the sample’s crystal structure according to Bragg’s 
Law (see Equation 2.1). 
 
2d sin(θ) = nλ (2.1) 
 
 In Equation 2.1, d is the interplanar spacing (which is a function of the Miller 
indices and the geometry of the lattice), θ is the so-called glancing angle (see Figure 2), 
and n is a positive integer. Since each cathode material has its own arrangement of atoms, 
it is important to confirm that new synthesis or processing conditions do not disturb the 
optimal crystal structure. 
2.1.4 X-Ray Photoelectron Spectroscopy 
 Identifying the chemical species present on the surface of a cathode active material 
is extremely important. For instance, unreacted precursors from synthesis can exist on the 
particle surface and impede electronic or ionic transport; on the other hand, a protective 
coating of the cathode material can provide a barrier to lithium or transition metal 




 X-ray photoelectron spectroscopy (XPS) is a prominent surface characterization 
technique. X-rays are more commonly used than other forms of radiation, such as UV, 
since their higher energy allows for ionization of samples from inner valence orbitals. 
When photons from the incident beam interact with the sample, they eject an electron, 
which is released with some kinetic energy (KE). The frequency of the radiation (ν) can be 
controlled and the KE of the ejected electrons can be measured. According to the law of 
conservation of energy, then, the binding energy (BE) can be calculated according to 
Equation 2.2: 
 
BE = hν - KE (2.2) 
 
 In Equation 2.2, h is Planck’s constant (6.626·10-34 J·s). Electrons located in 
orbitals closer to the nucleus have higher BE, so the x-axis of XPS plots are reversed such 
that peaks read from left-to-right the order in which orbitals fill (i.e. higher binding energies 
on the left, lower binding energies on the right). Since different nuclei exert different 
magnitudes of electrostatic force, orbitals of the same level have slightly different BE in 
different atoms, allowing for accurate identification of species. 
2.1.5 Inductively Coupled Plasma-Mass Spectrometry 
 Inductively coupled plasma-mass spectrometry (ICP-MS) is a highly versatile 
technique capable of measuring the concentrations of analyte elements at very dilute levels 
(10 pg·mL-1) [83]. ICP-MS is capable of identifying elements that are not easily 




Refractory elements include manganese, a metal commonly used in cathode active 
materials. To achieve this analysis, in most cases, ICP-MS couples an atmospheric pressure 
argon inductively coupled plasma with a high-vacuum (10-2-10-4 Pa) quadrupole mass 
spectrometer without sacrificing accuracy or precision [83]. Inert gases such as argon are 
desirable for the plasma given their non-reactivity, desirable ionization properties, and 
availability as a pure gas. 
 An inductively-coupled plasma is formed by combining a radiofrequency 
generator, plasma support gas, and an electromagnetic field. Argon is flowed through a 
concentric quartz torch and the plasma is started by adding seed electrons to the support 
gas. As the seed electrons are accelerated by the electromagnetic field, they collide with 
argon atoms and create an ionized plasma with positive ions and electrons [83]. 
 A sample, typically in liquid form, is converted to an aerosol before being 
introduced to the plasma. The sample undergoes two processes: atomization and ionization. 
Atomization is the breakdown of large, complex molecules into their constituent atoms, 
while ionization is the removal of an electron to form a positively-charged species. Both 
of these occur in the highly-energetic plasma, which can reach a peak temperature of 
10,000 K [83]. The ions produced in the plasma are extracted and separated by the mass 
spectrometer. In mass spectrometry, the output is a plot of intensity as a function of m/z, 
or mass (m)-to-charge (z) ratio. These m/z values represent individual ions, which can be 




2.1.6 Phase Analysis Light Scattering 
 Generally speaking, colloidal particles carry (usually negative) charges on their 
surface [81]. Positively-charged ions in solution are attracted to the surface and form a 
layer surrounding the primary colloidal particle called the Stern layer. The potential drops 
linearly from the surface of the particle, called the surface potential, to the edge of the 
positively-charged ion layer, called the Stern potential. Beyond the Stern layer, differently 
charged ions approach the Stern layer. The potential decays linearly again, though with a 
slope of lower magnitude than previously, as there is more separation between the particle 
surface and the point in solution. As the distance increases, the shear plane (sometimes also 
called the slipping plane) is reached, and there are relatively few ions approaching the 
charged particle. The potential between the layer of fluid at the surface of the charged 
particle and the edge of the shear plane is called the zeta potential. The zeta potential has 
been commonly used to evaluate the stability of colloidal dispersions. Specifically, stability 
refers to the ability of the dispersion to resist particle agglomeration. The magnitude of the 
potential, not so much the sign, is what is used to characterize the dispersion’s stability (see 
Table 8). As the distance increases beyond the shear plane, the potential decay is rapid. 
The surface potential, Stern potential, and zeta potential are shown pictorially in Figure 3. 
 Zeta potential can be characterized in a variety of ways, including 
microelectrophoresis, tunable resistive pulse sensing, and phase analysis light scattering 
(PALS); in this dissertation, PALS is the method used to determine zeta potential. In PALS, 
a laser beam interacts with a dispersion and is scattered by the particles. The electrophoretic 




can be used to calculate the zeta potential when the viscosity and dielectric permittivity of 
the solvent are known. 
 The limitation of PALS and zeta potential measurement more broadly is that they 
characterize electrostatic stability well, but not steric stability. Steric stability refers to a 
physical barrier, not electrically-bound, preventing particle agglomeration. Steric stability 
can be imparted by strands of adsorbed polymer, for example. Still, some additives to 
cathode slurries, particularly aqueous-based ones, can neutralize surface charges on 
cathode particles and prevent agglomeration in a fashion that is measurable by PALS and 
zeta potential. 
2.1.7 180° Peel Test 
 The adhesion between a coating and a substrate is difficult to quantify, though one 
method is the 180° peel test. A strip of coating is covered by tape. The end of this tape is 
attached to a hook that peels the tape (and, subsequently, the coating) backward off of the 
substrate. The hook is moved at a constant speed and the force required to remove the 
coating is measured. The output to the user is the adhesion force as a function of distance 
travelled by the hook. Initially, the force spikes due to the relatively high force required to 
first break contact between the coating and the substrate. However, as the coating is peeled, 
the force reading evens out to a constant value. This constant value is divided by the width 
of the coating (typically on the order of 2 cm) and is reported as the adhesion strength in 
units of N·m-1. 180° peel testing is useful when evaluating the effectiveness of binders and 
processing conditions since strong adhesion to the current collector generally correlates 




2.2 Electrochemical Characterization Techniques 
2.2.1 Coin Cell Assembly 
 A coin cell is a small, relatively inexpensive two-electrode electrochemical device 
that can be fabricated to perform a number of tests, including those described subsequently. 
When testing LIBs, coin cells that feature lithium as the counter electrode are generally 
called “half cells” and are so fabricated with excess lithium to examine the behavior of a 
working electrode. For a first approximation of novel materials or processes, half cells are 
sufficient to demonstrate functionality. LIBs that are constructed with traditional electrode 
materials (i.e. graphite or LTO anode, lithiated transition metal oxide cathode) are called 
“full cells” and provide more information on how the materials would perform in a real 
device. 
 In addition to the electrodes, coin cells require a separator, spring, spacers, and case 
(see Figure 4). In LIBs, drops of liquid electrolyte are added to each side of the separator 
to ensure good ion mobility. In the case of SSLMBs, the liquid electrolyte and separator 
are unnecessary and are supplanted by a solid electrolyte. Depending on the thickness of 
the components, a second spacer may not be necessary. Generally, it is wise to make the 
anode diameter slightly larger than the cathode diameter, since it is essential that the 
electrodes be aligned properly; misaligned electrodes can cause non-uniform current 
distributions and lead to highly polarized cells [84]. Once the components are stacked in 
the case, it is moved to a press. Coin cell assembly should take place in an argon-filled 
glove box, given the sensitivity of the electrolyte, lithium, and electrode materials to 




2.2.2 Galvanostatic Charge and Discharge 
 Once built, an electrochemical cell (such as a coin cell) may be connected to a 
potentiostat for galvanostatic charge and discharge testing. Initially, there is a potential 
between the electrodes referred to as the open circuit voltage (OCV). When the test begins, 
a constant flow of electrons (current) is maintained between electrodes and the potential 
increases or decreases depending on the flow. When the battery is charging, the potential 
increases until the upper cutoff voltage (or specified time limit) is reached. Commonly, a 
brief rest period is added at the upper and lower cutoff voltages in order to allow for 
concentration gradients of lithium within the cell to even out. After resting, current flows 
in the opposite direction, thus reducing the potential and leading to cell discharge. This 
continues until the cell reaches the lower cutoff voltage. It is best to run a few cycles at 
very low current in order to allow a solid electrolyte interphase layer (SEI) to form on the 
anode. The SEI is a product of side reactions between anode and electrolyte material and 
can provide a barrier that blocks dendrite growth. A layer also form on the cathode and is 
referred to as the cathode electrolyte interphase. 
 Two commonly used galvanostatic charge and discharge tests are a cycle life 
protocol and a rate capability protocol. Cycle life protocols generally use a constant, 
relatively low current density to examine how the capacity of a cell fades over time. Rate 
capability protocols will perform a few cycles at low current density and will ramp up the 
current density in subsequent cycles. At the end of a rate capability protocol, it is advised 
to perform a few cycles at a lower current once again to examine how the high currents 




2.2.3 Cyclic Voltammetry 
 Cyclic voltammetry (CV) is an electrochemical technique in which the potential of 
a working electrode is manipulated and the resulting current is measured. Electrochemical 
reactions are distinct from chemical reactions in that they involve electron transfer. In these 
reactions, equilibrium can be described according to the Nernst Equation (see Equation 
2.3).   
 








 In Equation 2.3, E is the potential between electrodes, E0’ is the formal potential, R 
is the universal gas constant (8.314 J·mol-1·K-1), T is the temperature, n is the number of 
electrons in the reaction, F is Faraday’s constant (96,485 C·mol-1), and [Ox] and [Red] are 
the concentrations of the oxidizing and the reducing species in the reaction, respectively. 
In CV, there are three key variables: the scan rate, the upper cutoff potential, and 
the lower cutoff potential. The scan rate refers to the rate at which the potential is changed 
(in mV·s-1) and the upper and lower cutoff potentials are the bounds within which the scan 
is executed. Examining Equation 2.3, as the potential is varied, the only variables that 
change appreciably are the concentrations of the oxidizing and reducing species. Assume 









When the cell is initially connected, the OCV describes the potential at which no 
current flows. When the cell is scanned in the anodic (positive) direction, the reaction 
proceeds such that A is oxidized. This drops the concentration of A and increases the 
concentration of A+ near the surface of the electrode. Eventually, the peak anodic current 
is reached, and the current is dictated by the diffusion of A from the bulk solution to the 
electrode surface. At this point, the current declines until the upper cutoff potential is 
reached. Next, the cell is scanned in the cathodic (negative) direction, and A+ becomes 
reduced in the reverse reaction of Equation 2.4. A peak cathodic current occurs when A+ is 
supplied to the electrode surface via diffusion from the bulk, just as in the anodic direction. 
In a Nernstian process, the potential difference between the peak anodic and cathodic 
currents should be 59 mV [85] at 25°C. 
CV is useful to determine the stability of additives that may be used in electrode 
slurries. If the CV scan with the additive shows different peaks or peak intensities as the 
scan without the additives using the same scan rate and potential window, it is likely that 
additional reactions are occurring that would mean the additive is unstable. The same logic 
can be applied when examining the stability of solid electrolytes with cathode materials. 
2.2.4 Electrochemical Impedance Spectroscopy 
In electrochemistry, impedance refers to the frequency-dependent resistance to 
current flow in a circuit element. This dependence on frequency and applicability to other 
circuit elements (namely capacitors and inductors) is what differentiates impedance from 
resistance, which is not frequency-dependent and only applies to resistors, though both are 




impedance spectroscopy (EIS) or alternating current (AC) impedance measurement. 
Unlike direct current, AC is frequency-dependent, which makes it far more sensitive. As a 
result, EIS can be used to study interfacial processes, the capacitive behavior of a cell, 
geometric effects due to porous electrodes, and electrolyte resistance, all while using a 
commercial battery’s electrodes and components. 
To use EIS, the device being studied must be converted into an equivalent circuit, 
meaning the processes inside the device must be equated to one of three circuit elements: 
a resistor, a capacitor, or an inductor. Other elements, such as a Warburg element or a 
constant phase element, may be include to model resistance to mass transfer and an 
imperfect capacitor, respectively. Resistors can be used to model resistance due to the 
current collectors, the bulk of the electrode, or the electron transfer reaction, to name a few. 
Capacitors model the double layer capacitance in a device and inductors are occasionally 
used to model porous electrodes [86]. The double layer capacitance refers to the double 
layer formed when ions in electrolyte adsorb onto the electrode surface. This leads to the 
charged electrode repelling charged ions in solution. The equivalent circuit follows Ohm’s 
Law (see Equation 2.5): 
 
V = IR (2.5) 
 
 In Equation 2.5, I is the current passed through a resistor with resistance R, and V 
is the potential difference between the two sides of the resistor, sometimes called the 




that the sum of currents entering any point are equal to zero and that the sum of ohmic 
drops in a closed loop equals zero. 
 In EIS, a periodic perturbation is applied, meaning a Fourier transform of the 
representative function can allow for calculation of the system impedance. A periodic 
function can be represented as the sum of an infinite Fourier series as follows: 
 
f(t) = a0 + ∑ akcos(kω1t)
∞
k=1 + bksin(kω1t) (2.6) 
 
 In Equation 2.6, a0, ak, and bk are all constants, ω1 is the angular frequency (equal 
to 2π times the frequency in Hz), and t is time [134]. The Fourier transform of f(t) is: 
 





 In Equation 2.7, T is the period of the perturbation and j is an imaginary number 
defined as the square root of -1 [134]. For the potential of the system, consider a vector of 
magnitude E0 rotating at a frequency of ω with a phase shift of ϕ. In the complex number 
plane, the projection of this vector on the x-axis is real and the projection of this vector on 









 In Equation 2.8, ?̃? is a phasor equivalent to E0ejϕ [87]. A similar expression can be 
written for the current response, replacing potential E with current I. The total impedance 










 Impedance data can be displayed in two graphical representations: a complex plane 
plot or a Bode plot. Complex plane plots show real Z’ impedance on the x-axis and 
imaginary Z’’ impedance on the y-axis, while Bode plots show either the modulus |𝑍| or 
phase angle φ as a function of frequency. In both plots, individual charge transfer processes 
can be identified, though Bode plots can resolve smaller impedances in the presence of 
larger ones. The frequency is also not explicit in a complex plane plot.  
When modeling circuit elements, the impedance of a resistor is simply the 
resistance R; the impedance of a capacitor is -j·ω-1·C-1, where C is the capacitance in 
Farads; and the impedance of a inductor is j·ω·L, where L is the inductance in Henrys. A 
resistor is perfectly in-phase (ϕ = 0°) with the perturbation, while a capacitor and inductor 
are perfectly out-of-phase (ϕ = -90° and 90°, respectively) with the perturbation. An 
example of an equivalent circuit used to model batteries is the simplified Randles cell (see 
Figure 5). An equivalent circuit model is sufficient as long as every circuit element 
represents some activity within the cell; therefore, it is always best to use the simplest 




CHAPTER THREE  






This chapter contains material modified from the following research paper 
published in the Journal of Energy Storage on which I am the first author: 
 W. B. Hawley, J. Li, Beneficial rheological properties of lithium-ion battery 
cathode slurries from elevated mixing and coating temperatures, J. Energy Storage 25 
(2019) 100994. 
 My contributions to this paper were the following: (1) performing background 
research to frame the research question, (2) executing experiments, and (3) drafting and 
revising the manuscript. My adviser, Jianlin Li, is the other co-author on this paper. His 
contributions were the following: (1) assisting in experimental design, (2) imparting 
guidance on the structure of the paper, and (3) revising the manuscript before submitting 
to the journal. In this chapter, I demonstrate that heated mixing and coating of NMP-based 
cathode slurries can lead to faster and more environmentally-friendly production without 
sacrificing electrochemical capability. Modifications are made from the journal article in 
order to frame its meaning in the broader context of the dissertation as well as include 
supplementary information that was not included in the published article. 
3.1 Introduction 
 Improving the energy density of LIBs relies on synthesizing novel materials and 
developing electrode processing and manufacturing techniques [20, 35]. As discussed in 
Section 1.2.3, slurry processing is critical in obtaining high performance electrodes and 
reducing scrap rate. An electrode’s morphology and performance is a strong function of 




coated in a fashion that controls viscosity and resists sedimentation. Slurries that flow too 
easily during coating tend to trickle down the foil, which results in a nonuniform coating 
layer [88]. Conversely, slurries that are too viscous will take longer to coat and may lead 
to more defects since the vacuum pressure becomes less effective [89-93]. 
 Viscosity is best viewed as a curve over several orders of magnitude of shear rate 
as opposed to a single value. In the case of maximum coating speed, the high shear regime 
(several hundred s-1) is of particular interest, while the low shear region (< 0.01 s-1) 
provides information on the sedimentation stability. Essentially, a low viscosity is desired 
at high shear rates (dubbed the high-shear viscosity, or HSV) and a high viscosity is desired 
at low shear rates (dubbed the low-shear viscosity, or LSV). 
 In this study, the maximum (sometimes referred to as the “critical”) coating speed 
at which a slot-die coater can operate is defined as the speed just below the beginning of 
dynamic wetting failure. Prior to coating, air is in direct contact with the current collector. 
This air is replaced with slurry as it is squeezed through the die in a process called dynamic 
wetting. The most common way in which dynamic wetting can fail is if air bubbles are 
formed in the slurry; this can occur when slurry is applied too quickly [36]. To increase the 
maximum coating speed, thus improving the throughput of a manufacturing facility, the 
HSV needs be relatively low. 
 To decrease the viscosity for a given mixing method and solid loading, a simple, 
scalable method would be to increase the temperature of the slurry while mixing. With 
increased temperature, the molecules within a fluid move more quickly, giving them more 




the temperature could make a given slurry capable of being coated more quickly, or (2) 
Increasing the temperature could allow for a greater solid loading in the slurry. Selecting 
option (2) is attractive because a higher solid loading means less energy is required to 
recycle the decreased solvent fraction. 
 Besides increasing throughput without causing coating defects, another primary 
consideration in slurry preparation is the gravitational settling of active material particles. 
An electrode slurry can be considered a colloidal suspension, and is thus subject to 
Brownian (FB), or thermal, motions and the omnipresent force of gravity (Fg) (see 















 In Equations 3.1 and 3.2, kB is the Boltzmann constant (1.381·10
-23 J·k-1), Tabs is 
the absolute temperature in K, r is the radius of the particle, ρp and ρm are the densities of 
the particle and the medium, respectively, and g is the acceleration due to gravity (9.81 
m·s-2). For micron-sized cathode active materials dispersed in LIB slurry solvents 
(particularly NMP or water), Fg >> FB, meaning rapid sedimentation is expected to take 
place. In addition to continuous stirring, various strategies to combat sedimentation are 
described in Table 9. Among them, perhaps the most realistic solution would be to increase 




 The formation of a bridging flocculation network has been described as an optimal 
choice for slurry stabilization in the literature [94]. The term “bridging flocculation 
network” refers to long polymers adsorbing to the surface of multiple particles, forming 
connections between them. A bridging flocculation network is predicted to develop in 
suspensions with sufficiently large solid loadings as the amount of free volume in the 
solvent decreases and the amount of connections between particles increases [95]. To 
determine if the network has been formed, rheological techniques can be used to determine 
if the slurry has a gel-like signature that can withstand some amount of stress before the 
connections are broken. One rheological feature of a bridging flocculation network is a 
slurry with a high LSV. A high LSV is also beneficial for the drying stage, since a higher 
LSV leads to sharper edges after the coating has dried [96]. 
 The preceding discussion suggests that increasing the temperature of a slurry during 
the mixing, storage, and coating stages can be advantageous at the macroscopic (low HSV) 
and microscopic (high LSV) scale. It is the aim of this chapter to examine the effect of 
temperature on the microstructure of the slurry and what this means for the processability 
of the slurry, morphology of the dried electrode, and performance of the dried electrode in 
a cell. 
3.2 Experimental Section 
3.2.1 Slurry Preparation 
 In this study, cathode slurries consisted of LiNi0.5Mn0.3Co0.2O2 (NMC532, d50 = 9.4 
μm, Toda America) as active material, carbon black (CB, Li-100, Denka) as conductive 




PVDF binder was dissolved in NMP solvent by continuous rolling for 48 h at a 
concentration of 8 wt%. NMC532, CB, and PVDF were mixed in a mass ratio of 18:1:1, 
respectively, in a 250 mL plastic bottle with a total solid loading of 45 wt%. The slurry 
was mixed at 4000 rpm for 30 min in a hydrodynamic shear mixer (Model 50, Netzsch) in 
a dry room fume hood. Next, the walls of the bottle were scraped with a metal spatula to 
incorporate unmixed powders. The slurry was mixed again for 15 min to disperse these 
loose powders and reach a uniform consistency. This mixing was performed at room 
temperature. 
 For heated mixing, slurries were mixed at 40°C, 50°C, 60°C, and 75°C. These 
temperatures were selected since the lower bound (room temperature) is higher than the 
glass transition temperature of PVDF [97] and the upper bound is well below the boiling 
point of NMP [98]. A metal cup was filled with tap water and placed on a hot plate under 
the mixing head (see Figure 6). Since the temperature of the water bath was warmer than 
that of the slurry, and monitoring the temperature of the slurry during mixing was 
impossible due to the small opening in the slurry bottle, a correlation was established 
between the water bath temperature and the slurry temperature prior to mixing. Once the 
temperature of the water reached the target, the bottle was set in the water bath and fixed 
in place with a clamp attached to a ring stand. The temperature of the water bath was 





3.2.2 Rheological Measurements 
 Mixed slurries were transferred to a concentric cylinder rheometer (Discovery HR-
3, TA Instruments). The rheometer was preheated to the corresponding mixing temperature 
of the slurry. The testing procedure consisted of six measurements that were programmed 
into TRIOS software; they are summarized in Figure 7 and described in detail below. 
 In Step 1, a pre-shear of 5 s-1 was applied to the sample for 1 min. This allows the 
temperature of the slurry to become more uniform and starts all of the slurries with the 
same shear history, since minor differences in sample preparation or history can cause a 
difference in rheological properties. In Step 2, a flow ramp test was ramped logarithmically 
between 0.005-3500 s-1 for 8 min to measure the stress (and therefore the viscosity) as a 
function of shear rate. In Step 3, an oscillation time sweep was performed at an angular 
frequency (ω) of 100 rad·s-1 and an oscillation strain (γ) of 0.1% for 15 min. Cathode 
slurries, which can be considered structured fluids, show “structure” when the bridging 
flocculation network is cohesive. The network is cohesive as long as G’ is constant with 
increasing oscillation strain and is considered to be within its linear viscoelastic regime 
(LVR). Once G’ begins to decrease with increasing strain, the fluid is outside of its LVR 
and no longer has structure. Therefore, to rebuild the structure that is destroyed at high 
shear rates in the flow ramp testing from Step 2, soft perturbations applied at a strain within 
the LVR in an oscillation time sweep can rebuild the structure. In Step 4, an amplitude 
sweep at ω = 100 rad·s-1 was performed between γ = 0.01-10% to determine the 
dependency of G’ and G’’ on the strain. In Step 5, another oscillation time sweep was 




only 5 min due to the amplitude sweep being less destructive than the flow ramp test. 
Finally, in Step 6, a frequency sweep at γ = 0.1% was performed between ω = 100-0.1 
rad·s-1. 
3.2.3 Coating and SEM Imaging 
 Once prepared, slurries mixed at room temperature and 60°C were doctor-blade 
coated onto an Al current collector foil (15 μm thick, MTI Corp) using a film applicator 
(Qualtech Products Industry) with a wet thickness of 100 μm. The coatings were dried in 
a dry room on a heated bed at 115°C with exhaust at 100°C overnight. Once dry, the surface 
of the coatings were examined using a Zeiss MERLINTM FE-SEM at an electron high 
tension of 1 kV. 
3.2.4 Electrochemical Characterization 
 Half coin cells were constructed using 14-mm punches from the dried coatings and 
16-mm Li metal discs (thickness = 600 μm, MTI Corp). Secondary drying of the cathode 
punches was done in a vacuum oven at 120°C overnight to remove as much moisture as 
possible. Punches were weighed (areal capacity ~0.9 mAh·cm-2) and transferred to a glove 
box filled with argon for coin cell assembly. Coin cells were assembled according to Figure 
4. The separator used was Celgard 2325 and the electrolyte used was 1.2M LiPF6 in 3:7 
wt% EC:EMC. Coin cells were pressed and manually dried with a Kimwipe to remove 
leaking electrolyte. 
 Two protocols were used to assess the battery performance: a cycle life test and a 




formation cycles at +0.1C/-0.1C were performed. For cycle life testing, 200 cycles were 
performed between the potential limits at +0.33C/0.33C. For rate capability testing, the 
cells were charged at 0.33C and discharged at the following C-rates: 0.1C, 0.2C, 0.33C, 
0.5C, 1C, 2C, 3C, and 5C. All cycles were constant current constant voltage (CCCV) 
during charge and constant current during discharge. At the top of the charge, the potential 
was held for 2 h or until the current dropped below C/20. After charge and discharge, cells 
rested for 10 min to allow concentration gradients in the cell to settle. 
3.3 Results and Discussion 
3.3.1 Flow Ramp Testing 
 There are three indicators that can be used to compare the amount of bridging 
flocculation in a slurry: yield stress, the LSV (or degree of shear thinning), and the 
equilibrium G’ within the LVR. Structured fluids with a yield stress exhibit a plateau region 
at relatively low shear rate, i.e. a region where stress is largely independent of the shear 
rate. All five slurries tested exhibited a yield stress within the 0.3-3.0 s-1 range (see Figure 
8). The numerical value for the yield stress was obtained by averaging the first five data 
points of the flat region.  
 Between 25°C and 60°C, the yield stress increases; between 60°C and 75°C, the 
yield stress decreases again near the value of the 25°C slurry (see Table 10). As the 
temperature rises from room temperature, two consequences are proposed. Initially, there 
is an increase in the segmental motion of the polymer, called reptation. This allows the 
binder to create more entanglements and linkages with other particles in suspension. These 




yield stress since disrupting the connections requires extra force. However, as the 
temperature is increased, the kinetic energy of the particles is also greater. There is an 
inflection point between 60°C and 75°C at which the kinetic energy of the particles is too 
great to be bound by the polymer linkages. 
 With the yield stress measured, the Herschel-Bulkley equation (Equation 3.3) may 
be used to quantify the degree of shear thinning in the slurry. 
 




 In Equation 3.3, σ represents the stress at a given shear rate (γׄ, in s-1) in Pa, K is the 
consistency index in Pa·sn, and n is the dimensionless flow index. The Herschel-Bulkley 
model was used to fit viscosity data at shear rate > 5 s-1, since this is the range of interest 
for the coating step. The consistency index is an analog for the viscosity of the slurry. 
Specifically, for fluids with equivalent flow index values, the consistency index will 
increase or decrease with viscosity [99]. The flow index describes the deviance of the flow 
behavior from Newtonian flow. Newtonian fluids have a constant viscosity over a given 
shear rate range (n = 1). When n > 1, the slurry is a dilatant or shear thickening fluid, and 
the viscosity increases with shear rate; when n < 1, the slurry is a pseudoplastic or shear 
thinning fluid, and the viscosity decreases with shear rate. 
 The consistency index is greatest for the 40°C and 50°C slurries, since they have a 
greater shear thinning response than the 25°C slurry and are more viscous than the 60°C 




samples, since it is has a lower shear thinning response and is less viscous. All of the 
slurries had n < 1, as can be seen in the viscosity plot (see Figure 9). The flow index is 
lowest between 40°C and 60°C, meaning the linkages formed at no/low shear are destroyed 
and the additional kinetic energy of the particles at high shear rates provides less resistance 
to flow. This curve and the modelling confirm that increased temperature does provide the 
benefits of greater slurry stability during storage and after coating, as well as smoother, 
faster coating. 
 The gap in viscosity between the room temperature slurry and the others grows up 
to shear rates of about 500 s-1, where the percentage difference is flat (see Figure 10a). The 
capillary number (Ca) is a dimensionless number that is equal to the contributions of the 
viscous forces divided by the surface tension forces during flow. In slot-die coating, coating 
thickness and speed are functions of Ca [100, 101]. The critical coating speed (Vcrit), which 
is the maximum coating speed before dynamic wetting failure begins (see Section 3.1), can 








 In Equation 3.4, μ is the viscosity in Pa·s and T is the surface tension in N·m-1. Cacrit 
can also be expressed in terms of viscosity and β, a dimensionless constant that depends on 
the distance from the bottom of the die to the surface of the substrate (see Equation 3.5) 
[93, 100, 102]. Substituting Equation 3.5 into Equation 3.4 yields an expression that allows 




To account for the temperature dependence of the surface tension, the Eötvös equation can 
















 In Equation 3.7, k is the Eötvös constant (2.1·10-7 J·K-1mol-2/3), Tcrit is the critical 
temperature (taken here as the critical temperature of NMP, 721.7 K), and V is the molar 
volume. Assuming a constant coating gap, the viscosity data can now be translated into the 
difference in coating speed between the warmer slurries and the room temperature slurry 
(see Figure 10b). At 300 s-1, the 40°C slurry can be coated 7.5% more quickly than the 
room temperature slurry, the 50°C slurry can be coated 10% more quickly than the room 
temperature slurry, and the 60°C and 75°C slurries can be coated 12% more quickly than 
the room temperature slurry. This also shows that there is a very limited gain in increasing 
the temperature from 60°C to 75°C. 
3.3.2 Oscillatory Shear Measurements 
 To further investigate the nature of the bridging flocculation, the microstructure of 
the slurry was probed using oscillatory shear procedures, namely the amplitude sweep and 
the frequency sweep. The amplitude sweep allows for characterization of the LVR. For all 




11a). When the strain is increased to the range of 2% to 6%, G’’ > G’, and the slurry 
behaves in a viscous-like fashion.  
 The value of G’ within the LVR is referred to as the equilibrium G’, which increases 
with temperature up to 60°C before decreasing again at 75°C. This further supports the 
claim that up to 60°C more binder reptation creates a stronger, more cohesive bridging 
network, but that at 75°C there are highly energetic particles that cannot be contained 
within the structure. With increasing temperature, G’’ also decreases, with the greatest 
decline coming between 60°C and 75°C. This decline is expected, since PVDF is above its 
glass transition temperature and less energy is dissipated in the glassy region. The strain at 
which the LVR ends is called the critical strain and is calculated here as the point at which 
G’ decreases below 95% of its initial value (see Figure 11b). In general, the critical strain 
decreases slightly with increasing temperature. 
 In the frequency sweep, G’ > G’’ for all samples over the entire frequency range 
(see Figure 12). This means that the slurries are more solid-like than liquid-like and there 
is no transition (i.e. no point at which G’’ overtakes G’) as was observed in the amplitude 
sweep. Since the set strain for these measurements was 0.1%, this confirms that all of the 
slurries were within their LVR for the entire frequency sweep. At low frequency, G’ rises 
monotonically with temperature; as the frequency increases, however, the dependence of 









 In Equation 3.8, α is a constant and J is the dimensionless gelation parameter. The 
closer the value of J is to 0, the more solid-like is the structure. Between 0.1-1 rad·s-1, with 
the exception of the 25°C slurry (J = 0.188), there is essentially no dependency on 
frequency (J < 0.05), which is typical of slurries with a strong network structure. Therefore, 
it is worthwhile to focus primarily on the value of J at moderate-to-high frequency (namely, 
1-100 rad·s-1) (see Table 11). As temperature is increased, J decreases over this frequency 
range, meaning the structure becomes more solid-like. The values of G’ may converge at 
high frequency due to localized relaxations that are less sensitive to structure. The growing 
instability of G’’ with temperature at low-frequency may be attributed to enhanced particle 
motions with temperature. 
 The rheological analysis suggests that the slurry with the best characteristics is the 
slurry at 60°C, since it has a moderate yield stress, a high degree of shear thinning, and a 
high equilibrium G’, which correlate to slurry stability and a highly processable slurry. The 
next step was to investigate how the viscosity profile of a 60°C slurry with a greater solid 
loading (48 wt%) would compare with the 25°C and 60°C at a lower solid loading (45 
wt%). The LSV of the heated, highly-loaded slurry is not appreciably different from the 
heated, less-loaded slurry (see Figure 13). Conversely, looking at the HSV, the heated, 
highly-loaded slurry is more viscous than the heated, less-loaded slurry, and is still less 
viscous than the room temperature, less-loaded slurry. Essentially, the slurry does not 
compromise any of its stability or much of its processability with an increase in solid 




 Increasing the solid loading is beneficial, given that the amount of NMP should be 
minimized due to its toxicity and the cost of recycling it. Additionally, using less NMP 
does reduce the drying time, which increases throughput and can decrease the length of 
dryer. According to Wood et al., an increase in the solid loading of an NMP-based slurry 
from 45 wt% to 48 wt% would reduce the dryer dwell time by nearly 10% [58]. Practically, 
slurry solid loadings are higher (~60 wt%) due to more powerful mixers than what is 
achievable at lab scale. If heating an industrial batch of slurry to 60C permits an increase 
in solid loading from 60 wt% to 65 wt%, according to Wood et al., the dryer dwell time 
could be reduced by roughly 12% [58]. 
3.3.3 SEM Imaging 
 While the processing benefits of increased slurry temperature have been 
demonstrated, it is important to verify that the microstructure and the electrochemical 
performance of the dried, 60°C-processed electrode is unharmed when compared with the 
baseline cathode. The NMC532 hierarchical particle structure consists of clusters of 
electrostatically-bound primary particles. Larger clusters held together by weak van der 
Waals forces are disrupted when the slurry is properly mixed [104]. The particle size 
reported by the manufacturer is 9.4 μm, which refers to the cluster size. Microscopy images 
of the surfaces of both coatings show these clusters with diameters roughly equal to 9.4 μm  
and no obviously larger particles (see Figure 14). This indicates that the mixing was 
successful in breaking up large agglomerates in both mixing processes. Additionally, the 




conditions. Finally, both electrodes demonstrate a large, randomly distributed porosity, 
which is characteristic of uncalendered, doctor blade-coated cathodes [105].  
3.3.4 Electrochemical Characterization 
 The Coulombic efficiency for both cells in the first cycle is 94.6% and increases to 
nearly 99% for subsequent cycles (see Figure 15a). This diminished Coulombic efficiency 
is typical of half cells in nonaqueous electrolyte due to the reactive nature of lithium [106]. 
For the first 100 cycles, both cells retained similar capacity; in the subsequent 100 cycles, 
the cathode processed at 60°C shows a higher discharge capacity than the room temperature 
processed cathode. This could be attributable to better coating quality due to the lower 
viscosity, though the difference in capacity is within the error bar. The error bars represent 
the standard deviation of the discharge capacity of three cells. The significantly lower 
amount of deviation in capacity of the cathode processed at 60°C could also be attributed 
to a higher-quality coating. Additionally, the shapes of the potential curves do not differ 
between the two coatings throughout cycling (see Figure 15b), meaning the cell 
deterioration and electrochemical processes during charge and discharge proceed the same 
way in both. Finally, in the rate capability testing (see Figure 15c), there is a marginal 
improvement in the performance of the cathode processed at 60°C when compared with 
the cathode processed at room temperature, though again these differences are within the 
margin of error. 
 From these results, it can be concluded that better rheological properties alone do 
not always correlate to a better performing electrode. This finding is consistent with what 




co-solvent to increase the LSV of a slurry by two orders of magnitude. However, the slurry 
made with 1-octanol co-solvent did not perform appreciably different from the baseline 
[96]. A more thorough investigation using industrial-sized mixers and pouch cells would 
be necessary to determine if there is a boost in electrochemical performance. While the 
performance of an electrode processed at higher temperatures may prove to not be different 
from a baseline electrode processed at room temperature, the economic benefits of reducing 
scrap rate, increasing production speed, and decreasing energy inputs needed to recycle 
NMP ultimately reduce the cost per usable kWh of the battery, and therefore make the 
strategy worth pursuing. 
3.3.5 Costs of Heated Mixing 
 A true estimation of the cost of heated mixing and coating, as well as whether the 
benefits gained from heated mixing and coating would be worth the cost, would require in-
depth industrial knowledge that most manufacturing facilities consider proprietary. 
However, an estimation can be made based on a few assumptions. First, planetary mixers 
with a 500 L·h-1 capacity are assumed [108]. Assuming each slurry is mixed in the 
planetary mixer for 1 h, dimensions for a cylindrical mixer could be a height (h) of 0.75 m 





 Wrapping a mixer this size in constant-wattage heated tape is the strategy 




higher than the 60°C suggested here) and requires 13.1 W·m-1 of power [109]. The strips 
of heated tape are 0.0023 m wide [109]. Therefore, the surface area of the cylindrical mixer 
(see Equation 3.10) divided by the width of tape yields a tape length of approximately 1700 
m. 
 
SAcylinder = 2πrh + 2πr
2 (3.10) 
 
 The supplier of the heated tape charges $5.99·ft-1 of tape ordered [109], meaning it 
would cost approximately $33,400 to wrap one planetary mixer in heated tape. At 13.1 
W·m-1, the tape for one mixer will require 22.3 kW of power. Assuming that the mixers 
operate 8200 h·yr-1 and that the cost of electricity is static at $0.08 kWh, it will cost $14,600 
to heat each mixer per year. Other factors to consider would be the lifetime of the heated 
tape (i.e. how often it will need to be replaced), the sizes of tanks that the slurry is stored 
in before being coated, and the production capacity of the particular facility. 
 According to a recent study from Mauler et al., the minimum efficient scale for a 
production facility to operate under optimized conditions would be an annual output of 8.0-
15.3 GWh [110]. Assuming a production facility with an intermediate capacity of 11.7 
GWh, eight planetary mixers sized to these specifications would be necessary [108]. If 
coatings have a wet thickness of 150 μm to deliver the desired areal capacity and electrode 
foils are 0.5 m wide, the coating line would need to operate at 2.67 m·min-1, which is well 




 If it is assumed that the heating tape will need to be replaced every year, then the 
annual cost to heat the mixers will be $384,000. However, when considering the initial 
investment cost to achieve the minimum efficient scale could be as high as $820 million 
[110], heating mixers represents a vanishingly small cost to the operation. If the strategy is 
scalable and helps reduce scrap rate from the roughly 10% seen now in industry [111] and 
increase solid content to reduce NMP recycling costs, then manufacturers would be wise 
to heat their planetary mixers to reap the rheological benefits. 
3.4 Conclusions 
 The mixing, storage, and coating of LIB electrode slurries are the first steps in the 
electrode manufacturing process and can have a significant bearing on the microstructure 
and cost of the process. The most important characteristics of a slurry are that it be stable 
from sedimentation during storage, that it be capable of even coatings at high speeds, and 
that it have sharp edges after the coating is dried. The rheology of the slurry is a fantastic 
metric that is sensitive to many of the slurry features, including the solid loading, particle 
size, and binder molecular weight (MW), to name a few. As described in this chapter, 
rheological techniques are excellent in evaluating the stability and processability of a 
slurry. The three most important rheological indicators are the yield stress, the degree of 
shear thinning, and the equilibrium G’. In this study, it was determined from rheological 
analysis that heating cathode slurries can: (1) provide better sedimentation stability and 
sharper edges after coating due to a high degree of binder bridging flocculation creating a 
stronger network structure, and (2) allow for faster coating or more highly loaded slurries 




 As the temperature of the slurry increases from 25°C to 60°C, the yield stress and 
equilibrium G’ both monotonically increase and the flow index monotonically decreases 
by seeing a higher LSV and lower HSV. This result is consistent with the idea that at rest 
or low shear, the polymer motions allow it to create additional entanglements and bridges 
that resist sedimentation. At higher shear rates, the increased temperature means there is 
more kinetic energy in individual particles that then cause the slurry to flow more easily, 
as is the case with most fluids. Practically, this means that heating the slurry to 60°C allows 
for a higher maximum coating speed or an increase in the solids content of the slurry, which 
would mean less NMP would be necessary. Both of these advantages have been 
demonstrated in this study. 
 Interestingly, the slurry heated to 75°C has a lower yield stress and equilibrium G’ 
and a higher flow index than the 60°C slurry. This is likely due to overly energetic particles 
that cannot be bound by the bridging flocculation network that is formed. This shows that 
there is an inflection point at which heating the slurry presents no additional processing 
benefits and actually deteriorates the stability of the slurry. Additionally, the cathode 
processed at 60°C showed no change in the coating quality or electrochemical 
performance. The preliminary calculation presented in Section 3.3.5 suggests that it would 
cost approximately $33,400 to purchase heating tape for one planetary mixer and $14,600 
for the electricity to heat this mixer annually. Additional costs will come from heating 
storage tanks that slurry is stored in after mixing. A larger scale study that can quantity the 




recovery) is necessary to determine whether this heating cost is feasible and worthwhile 
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This chapter contains material modified from the following research paper 
published in the Journal of Power Sources on which I am the first author: 
 W. B. Hawley, A. Parejiya, Y. Bai, H. M. Meyer III, D. L. Wood III, J. Li, Lithium 
and transition metal dissolution due to aqueous processing in lithium-ion battery cathode 
active materials, J. Power Sources 466 (2020) 228315. 
 My contributions to this paper were as follows: (1) performing background research 
to frame the research question, (2) performing pH measurements and electrochemical tests, 
(3) preparing figures, and (4) drafting and revising the manuscript. Anand Parejiya 
performed the XRD analysis and assisted in analyzing the results. Yaocai Bai helped 
prepare samples and for ICP-MS analysis. Harry M. Meyer III performed the XPS analysis 
and assisted in analyzing the results. David L. Wood III and Jianlin Li performed the 
following duties: (1) assisting in experimental design, (2) data collection for aqueous ICP-
MS samples, (3) imparting guidance on the message of the paper, and (4) revising the 
manuscript. In this chapter, I demonstrate that lithium leaching is a strictly surface 
phenomenon that is most extreme in NCA; despite this, we are among the first to 
demonstrate that aqueous processing of NCA cathodes is possible and can yield cathodes 
with comparable electrochemical performance to NMP-processed counterparts. 
Modifications are made from the journal article in order to frame its meaning in the broader 
context of the dissertation as well as include supplementary information which may have 





 In the previous chapter, heating NMP-based cathode slurries was shown to be one 
way to decrease NMP use in a manufacturing facility. However, on an industrial scale, 
hazard concerns are drastically decreased and costs are slashed when NMP is replaced 
entirely with water. The cost reductions arise from removing all solvent recovery 
equipment (scrubbers, condensers, etc.) and the energy and labor costs associated with 
running them. On a lab scale, so-called aqueous processing has been achieved for several 
cathode active materials. Early research efforts (~2005-2016) on aqueous processing of 
cathodes focused primarily on dispersing particle agglomerates and finding suitable water-
soluble binders, while more recent studies (~2017-present) have shifted to solving 
reactivity and corrosion issues with nickel-rich cathode materials, aqueous-processed 
cathode drying, and recycling spent aqueous-processed cathode materials. The evolution 
of interest in aqueous processing of cathodes is represented in Figure 16 by showing the 
number of publications each year on the topic. The literature is also rich in similar topics, 
such as the aqueous processing of anodes and the ambient storage of cathode active 
materials, though this figure reports specifically on peer-reviewed studies (not reviews) 
exploring aqueous processing of LIB cathodes. Aqueous processing has been implemented 
on a large-scale for graphite-based anodes, however there are numerous technical barriers 
that have prevented water-based processing for cathodes. 
 For instance, it is well established that cathode active materials react with moisture 
in air [112-123]. Because of this, it is necessary to store cathode active materials in a 




react with water in the surrounding air and form lithium carbonate (Li2CO3), which, as a 
surface impurity, can hamper the performance of the cathode [124]. To balance the charge, 
it is proposed that the lithium ions are replaced with protons according to cation exchange 
(Li+/H+) (see Equation 4.1a-b, Figure 17). Reactions that proceed afterward may form other 
impurities, including lithium hydroxide (LiOH), Li2CO3, lithium bicarbonate (LiHCO3), 
and adsorbed water (see Equation 4.2-4.3). Cation exchange has a negative impact on the 
first cycle discharge capacity and Coulombic efficiency that can be remedied with 




 + H2O → LiOH + H
+ (4.1a) 
LiMO2 + xH2O → Li1-xHxMO2 + xLi + xOH (4.1b) 
LiOH + CO2 → LiHCO3 (4.2) 
LiOH + LiHCO3 → Li2CO3 + H2O (4.3) 
 
 As a consequence of cation exchange, the proton concentration of the solution is 
reduced, which leads to an increase of the pH. A basic suspension with pH > 8.5 [126] is 
predicted to corrode aluminum, the metal of choice for cathode current collectors. This 
reaction occurs by first breaking down the thin (~2 nm thick) oxide layer on the surface of 
the aluminum sheet and generating the water-soluble Al(OH)4
- species and hydrogen gas 
according to Equation 4.4. 
 
Al + OH- + 3H2O → Al(OH)4
-





 As the reaction proceeds, hydrogen gas forms bubbles on the surface of the coating 
within seconds of application to the foil [127]. These bubbles quickly burst and leave large 
defects in the coating. Therefore, it is necessary to either neutralize the slurry or prevent 
direct contact between the slurry and the aluminum foil. Contact can be prevented by 
coating the current collector with carbon [128], though this is expensive and it is difficult 
to ensure that the carbon coating is even and free of defects. The slurry can be neutralized 
by injecting CO2 to form Li2CO3 on the active powder surface or, more commonly, by 
adding acids. Commonly studied acids include phosphoric acid (H3PO4, PA) [129-134], 
formic acid [130, 135], and PAA [136-138]. 
 In previous work from Wood et al., the chemical stability of NMC materials 
(NMC111, NMC532, NMC622, and NMC811) with water were evaluated. Their analysis 
concluded that NMC-based aqueous slurries (regardless of initial pH) will become more 
basic with increasing nickel content. They also concluded that there were no bulk structural 
changes with some slight changes to the surface composition [139]. Such an in-depth 
analysis is required for more active materials, since different materials are better fits for 
certain applications. For example, LFP is not as energy-dense as the NMC materials, but 
is an attractive candidate for electric buses since it is inexpensive and very thermally stable. 
Understanding how a suite of cathode active materials react with water will elucidate the 
reasons aqueous processing may be difficult for some materials and not as much with 
others. In this chapter, the stability of five commonly used cathode active materials (LCO, 




4.2 Experimental Section 
4.2.1 Materials and pH Measurement 
 The properties of the active materials used in this study are summarized in Table 
12. Powders of each material were added to deionized (DI, 18.2 MΩ·cm, Aqua Solutions) 
water and a pH probe (Fisher Scientific) was used to monitor the pH of each solution over 
72 h. 
4.2.2 XRD Characterization 
 Samples of each powder were immersed in DI water for 24 h, then placed in a 
vacuum oven set to 100°C to dry the powders. These powders were the “wet” samples and 
were compared with pristine, “dry” samples in XRD and XPS analysis. The XRD data 
were collected using an X-ray diffractometer (PANalytical X’PERT) operated at 45 kV 
and 40 mA with a copper source (λ = 1.54 Å). Patterns were collected at 2θ between 10° 
and 70° at a step size of 0.016°. To calculate lattice parameter data, GSAS-II software was 
employed to enact Rietveld refinement with a Chebyshev polynomial with nine coefficients 
[140]. 
4.2.3 XPS Characterization 
 The surfaces of wet and dry samples (preparation described in Section 4.2.2) were 
examined using XPS (Thermo Scientific K-Alpha; Al Kα X-ray source). First, a wide 
energy range spectrum was collected to identify all elements present. Based on this wide 




to distinguish between peaks. These core level spectra were used to calculate the atomic 
composition of the surfaces. 
4.2.4 ICP-MS Characterization 
 First, powders of each active material were exposed to one of two solvents (DI 
water or NMP) for either 1 h or 24 h. Second, the solvent was collected using a 0.2 μm 
PVDF syringe filter (Whatman). Third, the active materials were dried and placed in an 
argon-filled glovebox. The active materials were exposed to in-house prepared electrolyte 
(1.2M LiPF6 in 3:7 wt% EC/DMC) for either 1 h or 24 h, corresponding to the powder’s 
exposure time to the solvent. Clean syringe filters were used to separate the electrolyte 
from the active material. This process is summarized pictorially in Figure 18. 
 ICP-MS (Thermo X-Series 2 quadrupole) was used to detect ions in the solvent and 
electrolyte. Aqueous samples were diluted in nitric acid (2%, Fisher Scientific) and 
initiated into the plasma via the PC3 Peltier controlled cyclonic spray chamber system. The 
electrolyte samples were prepared with an oxidation reaction and heating; then, they were 
added to a digestion vessel, evaporated at 100°C, and reacted with nitric acid and 30% 
hydrogen peroxide. When brown off-gases were generated, the reaction was considered 
complete. The samples were evaporated again and brought back up to a known volume in 
2% nitric acid, similar to the aqueous samples. 
4.2.5 Cathode Coating, Cell Assembly, and Electrochemical Testing 
 The binder used for NMP-based coatings is PVDF, pre-dispersed in NMP as 




consists of carboxymethylcellulose (Acros Organics, MW = 700,000 g·mol-1, DS = 0.9) 
and a fluoro acrylic emulsion binder TRD202A (JSR Micro). Due to severe gassing and 
cracking in the NCA coating, PAA (Sigma Aldrich, MW = 450,000 g·mol-1) is used as a 
pH modifier and additional binder. The PAA was pre-dispersed in DI water at a 
concentration of 6 wt%. The solution was rolled on a roller mill for 48 h and placed in a 
refrigerator to preserve the viability of the PAA. Each slurry had a solid loading of 48 wt% 
and was prepared in a ball mill (SPEX Sample Prep 8000 M Mixer/Mill). The composition 
of each slurry is shown in Table 13. Once mixed, the slurries were coated and dried 
according to the same procedure (with different wet thicknesses) as described in Section 
3.2.4, except aqueous coatings were allowed to dry at room temperature in the dry room 
overnight. An SEM was used to analyze the surface of the cracked NCA coating (see 
Section 3.2.3 for details on SEM). 
 Half coin cells were assembled according to the same procedure described in 
Section 3.2.4 and Figure 4. All cells were cycled according to the cycle life protocol from 
Section 3.2.4 between 3.0-4.3 V. To normalize the capacities by mass, the theoretical 
capacity of LMO was assumed to be 100 mAh·g-1 and the theoretical capacity of NCA was 
assumed to be 185 mAh·g-1. LMO cells were cycled at +0.5C/-0.5C and NCA cells were 
cycled at +0.33C/-0.33C. 
4.3 Results and Discussion 
4.3.1 pH Measurement 
 For all five samples, the trend in pH is similar; the pH rises sharply to a basic value 




rise is so fast that for some samples (LCO, NCA) it was not detected as well as for others. 
After 72 h, the pH in increasing order is: LFP (9.2), LMO (9.3), LCO (10.6), NMC532 
(12.0), and NCA (12.5). The pH values of LFP, NCA, and NMC532 match up well with 
what has been reported in the literature [139, 141, 142]. Based on the Pourbaix diagram of 
aluminum, corrosion is predicted for all five materials at these final pH values; in fact, the 
pH is greater than 8.5 in all samples in less than 60 s of exposure. While all materials are 
likely to corrode the current collector, the corrosion is clearly far more severe in the case 
of NCA and NMC532 due to their incredibly basic natures. The initial rise in pH is 
attributed to the dissolution of impurities from the particle surface, many of which persist 
after synthesis of the material. The gradual rise in pH could be due to the proposed cation 
exchange reaction, which gradually depletes the solution of protons.  
4.3.2 XRD Characterization 
 If the pH rise observed in the previous section is attributable to surface phenomena 
(i.e. dissolution of surface compounds and cation exchange), then the bulk of the material 
should be unperturbed by exposure to water. The XRD patterns measured here show that 
exposure to water for 24 h does not alter the crystal structure of the material from the 
pristine powder. This conclusion is based on the similar peak intensities and peak 
resolution between the dry and wet samples (see Figure 20). In addition, Rietveld 
refinement was used to extract the lattice parameters from the diffraction patterns (see 
Table 14). These calculations revealed no appreciable difference in the unit cell dimensions 
or volume (< 0.05%). Further, the structure of both the dry and wet powders matches that 




the materials used were synthesized well. LCO, NCA, and NMC532 have a layered oxide 
structure with space group R3m, LFP has an olivine structure with space group Pnma, and 
LMO has a spinel structure with space group Fd3m. 
4.3.3 XPS Characterization 
 The surface compositions of each wet and dry active material based on XPS 
analysis are shown in Figure 21. While these surface compositions are useful, they are 
highly sensitive to minor changes in the baseline which can cause a difference of several 
at% in an element’s abundance. Therefore, the core energy spectra are shown as well (see 
Figures 22-26). Additionally, the stoichiometry calculated from XPS is unlikely to be equal 
to the stoichiometry of the bulk material since XPS examines a very thin (~ nm) surface 
layer of the material. Finally, some oxygen-containing species (CO2, H2O, etc.) may adsorb 
to the sample surface during preparation and transportation, which will modify the surface 
composition. 
 Examining the spectra for LCO, there is evidence for a mixed valence state of Co2+ 
and Co3+ for both D-LCO and W-LCO (see Figure 22). Stoichiometrically, Co3+ would be 
needed to assist Li+ to balance the charge of two atoms of O2-. Therefore, the surface of 
both D-LCO and W-LCO may be slightly deficient in O to allow for the lower valence 
state of cobalt. According to the spectra, there is slightly less lithium and cobalt in W-LCO 
than in D-LCO (see Figure 21a), which would be attributed to the removal of some lithium-
containing impurities and some cobalt dissolution. These losses are compensated for by an 
increase in carbon, which could be due to the adsorption of hydrocarbons in sample 




 The spectra for D-LFP and W-LFP are nearly identical, and therefore so are their 
surface compositions (see Figures 21b, 23). From the spectra, there is a mix of Fe2+ and 
Fe3+ valence states and there is evidence of phosphate bonding from the P 2p and O 1s 
scans. Similar to LFP is LMO, which shows essentially no difference between D-LMO and 
W-LMO (see Figures 21c, 24). There is a mix of Mn3+ and Mn4+ valence states in both D-
LMO and W-LMO, which is stoichiometrically predicted. 
 NCA is the first material for which radical differences are observed between the 
dry and wet samples (see Figures 21d, 25). While differences of a few at% between dry 
and wet samples are generally negligible, the 50% reduction in lithium content on the 
surface of NCA after wetting is notable. Similarly, nickel and cobalt were undetectable in 
D-NCA while their signals were far less noisy in W-NCA; in fact, mixed valence states 
were detected for both nickel (Ni2+/Ni3+) and cobalt (Co2+/Co3+). Additionally, a shoulder 
corresponding to lattice oxygen is noticeable in the O 1s scan of W-NCA at ~529 eV that 
is absent from D-NCA. There is also evidence of aluminum at ~74 eV for W-NCA, though 
the trace amount is difficult to resolve from the spectra. These clues all suggest a thick 
impurity layer on the surface of D-NCA (Li2CO3, Li2O, etc.). This layer blocks the signal 
for the underlying transition metals (nickel, cobalt, and aluminum), which explains why 
they are so trace in D-NCA. The drastic loss of lithium also correlates well with the idea 
that lithium-based impurities are removed from the surface. 
 Though the changes in NMC532 are not as dramatic as they are in NCA, a similar 
washing of impurities is observed. The removal of these impurities causes the decrease in 




21e, 26). In the O 1s scan, the surface O peak is shifted to a higher binding energy in D-
NMC532 (~531.6 eV), which corresponds to carbonate bonding. The removal of lithium 
impurities corresponds to the sharp increase in pH observed in NCA and NMC532, 
indicating that the compounds are washed away rapidly. 
4.3.4 ICP-MS Characterization 
 The concentration of each ion from each active material after exposure times to 
solvent (i.e. water or NMP) of 1 h and 24 h was measured (see Figure 27). The error bars 
are set to ± 10% of the measured concentration, which is standard for this procedure. The 
first noticeable feature of the data is that there is little time dependency for the dissolution 
of any ion of any material in either solvent. Therefore, the near totality of leaching of the 
metals when in contact with solvent must occur within at least the first hour. When 
comparing with the pH curve, it is likely that the dissolution of these metals (in water, at 
least) is mostly complete within the first 10 min of contact. 
 The dissolution of transition metals in LCO (cobalt), LMO (manganese), and 
NMC532 (nickel, manganese, and cobalt) were all greater by one to three orders of 
magnitude in NMP than in water. Therefore, when considering strictly the transition 
metals, aqueous processing would be the preferred processing route instead of NMP for 
these materials. In the case of LFP, iron dissolution is lower in water than in NMP, though 
the phosphorus concentration in water is about 2-3 times greater than in NMP. In NCA, 
nickel and cobalt dissolution are lower in water than in NMP, just like in NMC532. 
However, the aluminum dissolution is two times greater in water than in NMP. As for 




amount varies greatly. In terms of lithium dissolution, the order of materials is NCA (90 
μg·mL-1) > NMC532 (20 μg·mL-1) > LFP, LCO (3 μg·mL-1) > LMO (1 μg·mL-1). 
 The driver for lithium dissolution in NCA does not seem to be driven by nickel. A 
recent study from Hofmann et al. examined lithium and transition metal dissolution from 
a suite of NMC materials (ranging from NMC111 to NMC811) and NCA. They show that 
NMC811, which has the same nickel content and similar cobalt content as NCA, still had 
2.5 times less lithium dissolution as NCA [143]. They also show that NMC111 had the 
least lithium leaching, and since it has the greatest cobalt content of all the NCA and NMC 
materials tested [143], it can be stated that the dissolution of lithium from NCA cannot be 
coupled with cobalt. The difference, then, could be due to aluminum dissolution, which 
originates from LiAlO2, a substructure of NCA. The LiAlO2 can react with H2O and CO2 
to form Li2CO3, LiOH, and other aluminum-containing species [144, 145]. 
 Another important consideration is the shape and size of the particles themselves. 
Shapes with higher surface area are capable of leaching more lithium and transition metals. 
Ignoring particle size and surface chemistry effects, the particle that should leach the most 
is the needle-shaped LFP, followed by the elliptical LCO, then the spherical LMO, NCA, 
and NMC532. More total surface area is exposed when smaller particles are used; ignoring 
particle shape and surface chemistry, the small (0.1 μm) LFP particles should leach more 
than the larger NCA (5 μm), LCO, LMO, and NMC532 (10 μm). Therefore, based only on 
size and shape effects combined, it would be expected that LFP would leach far more 




and is far lower than NMC532 and NCA. This means that the surface chemistry effects 
dominate the dissolution behavior compared to particle size and shape effects. 
 The ion concentration in electrolyte was also measured using ICP-MS (see Figure 
28). For all materials, leached lithium was undetectable, and for LFP, leached phosphorus 
was undetectable. Since the electrolyte itself contains LiPF6 salt, the contribution of lithium 
or phosphorus leached from the material was dwarfed by the lithium and phosphorus from 
the salt. In LCO and LMO, the amount of leached cobalt and manganese leached seems to 
increase with time and is similar regardless of its solvent history. In LFP, there is 
significantly more iron dissolution in water (3 μg·mL-1) than in NMP (≤ 0.1 μg·mL-1); there 
is a similar difference in nickel and cobalt dissolution in electrolyte in NCA and in nickel, 
manganese, and cobalt in NMC532. The amount of aluminum dissolution in NCA was 
unable to be reported due to sample contamination. Transition metal dissolution in 
electrolyte is important to monitor since these metals can engage in harmful side reactions 
during cell operation. It is also key to understand transition metal dissolution in electrolyte 
for the purpose of cathode material recycling [146]. 
4.3.5 Electrochemical Testing 
 As shown in Figure 16, aqueous processing of cathodes has been studied since at 
least 2005 and has become more prevalent of an area of research recently. In fact, all five 
of the materials studied here have been processed in water throughout the literature and a 
select few of these studies are recapped in Table 15. However, the study for LMO lacks a 
baseline, NMP-processed cathode, which is necessary for a true comparison. While there 




active material due to better performance and lower costs of other layered materials. 
Additionally, the studies for NCA were published either around the same time or after this 
work was completed and also lack a comparison with an NMP-processed baseline. 
Therefore, for brevity’s sake, only the electrochemical performance of LMO and NCA are 
considered in this study. 
 The performance gap between the aqueous-processed and NMP-processed LMO 
cathodes is minimal (see Figure 29a-b). The Coulombic efficiency is slightly lower for 
aqueous-processed LMO over the first 50 cycles and is essentially equal to the NMP-
processed cell for the final 50 cycles. These differences could be attributed to the quality 
of lithium metal used [106], though further investigation would be necessary to state this 
definitively. In the first 20 cycles, there is a gradual increase in the capacity of the aqueous-
processed cell before reaching a steady capacity of 100 mAh·g-1 for the remaining 80 
cycles. There could be two explanations for this: (1) A diminished lithium quantity due to 
leaching in water that is restored by the lithium metal anode, or (2) The expansion and 
contraction of the active material eventually freeing more of the particle surface to the 
electrolyte to facilitate more reactions. Based on the ICP-MS results (see Figure 27c), the 
first explanation seems unlikely, since the lithium leaching is essentially equal between 
NMP and water exposure. The shapes of the potential curves are very similar for the 50th 
and 100th cycles, so the aqueous binder system (CMC/TRD 202A) appears to be 
competitive with PVDF. 
 Aqueous processing of NCA cathodes was impossible using only CMC and TRD 




NCA suspension, severe corrosion of the aluminum foil occurs and leads to hydrogen gas 
bubbling and cracking. As mentioned in Section 4.1, many acids have been added to reduce 
the pH of the aqueous slurries, however the interaction the acid has with the current 
collector must be considered. Without acid, the binder connects with the oxide layer via 
many mechanisms, including acid-base interactions. With acid, sites on the Al2O3 surface 
are attacked by the acid which prevents the binder from making as strong of a connection 
to the substrate. This is why PA and short-chained PAA have had adhesion issues in some 
aqueous processing studies [136]. However, when high-MW PAA adsorbs to the current 
collector, the long strands protrude from the surface and interlock with the binders in 
solution (see Figure 31). 
 With high-MW PAA, aqueous processing was made possible (see Figure 29c-d). 
The initial discharge capacity of the aqueous-processed NCA cathode was lower than that 
of the NMP-processed baseline (176.3 mAh·g-1 to 185.2 mAh·g-1, respectively). Looking 
at the potential curves, the capacity is lower in the first cycle for the aqueous-processed 
NCA due to a lower lithium inventory caused by lithium leaching. Similar to LMO, there 
is some capacity regained in the first 15 cycles of the aqueous-processed cathode, probably 
due to relithiation and greater exposure of NCA to the electrolyte. By the 50th cycle, the 
capacity of both cells is equal and the capacity at the 100th cycle is greater for the aqueous-
processed NCA than the baseline (148.4 to 144.6 mAh·g-1, respectively). Therefore, the 






 In this study, the surface and structure of five common cathode active materials 
(LCO, LFP, LMO, NCA, and NMC532) after water exposure were extensively 
characterized. The pH of all materials grew rapidly within the first few minutes of 
exposure. By the end of three days, the ranking of materials in terms of pH was NCA > 
NMC532 > LCO > LMO ~ LFP. This ranking would be indicative of the reactivity of each 
material in water from the other characterization techniques. For instance, the lithium 
content on the surface of NCA and NMC532 was diminished significantly after being 
exposed to water. These two materials also leached the most lithium according to ICP-MS, 
with NCA leaching 4.5 times more lithium than NMC532. The transition metals that 
exhibited the most leaching were manganese in electrolyte, which was expected given that 
manganese dissolution has been a long-established problem with LMO, and aluminum in 
NCA. The aluminum dissolution is hypothesized to come from LiAlO2, which is a phase 
unique to NCA from the other active materials. Additionally, XRD data revealed that the 
various surface phenomena had no effect on the bulk crystal structures of the materials. 
 The electrochemical performance of each aqueous-processed material has been 
reported in the literature. However, not all studies directly compare their performance with 
a baseline cathode produced in NMP, nor do they all use realistic areal capacities or 
calendered electrodes. While these studies are useful as proof-of-concept, it is important 
that future studies focus on cathodes that are calendered to industrially-relevant porosities, 
have industrially-relevant active mass loadings, and are tested in full cell configurations 




material currently used in batteries that power commercially-available BEVs, and had not 
been shown to be compatible with aqueous processing in the literature until 2018, it is 
especially intriguing to gain more understanding into how PAA makes the aqueous-




















CHAPTER FIVE  
AQUEOUS PROCESSING OF LITHIUM NICKEL COBALT 







































This chapter contains material modified from the following research paper 
published in Electrochimica Acta on which I am the first author: 
 W. B. Hawley, H. M. Meyer III, J. Li, Enabling aqueous processing for 
LiNi0.80Co0.15Al0.05O2 (NCA)-based lithium-ion battery cathodes using polyacrylic acid, 
Electrochim. Acta 380 (2021) 138203. 
 My contributions to this paper were as follows: (1) performing background research 
to frame the research question, (2) performing all experimental work (except for the XPS 
analysis), (3) preparing figures, and (4) drafting and revising the manuscript. Harry M. 
Meyer III performed the XPS analysis and assisted in analyzing the results. Jianlin Li made 
the following contributions: (1) assisting in experimental design, (2) imparting guidance 
on the message of the paper, and (3) revising the manuscript. In this chapter, I seek to 
understand why the addition of PAA gave good performance in the half cells from Chapter 
4. It is discovered that PAA is able to: (1) significantly drop the pH of the aqueous NCA 
slurry, (2) provide electrostatic hinderance to prevent NCA particle agglomeration, (3) 
adsorb to the surface of NCA and mitigate loss of important aluminum-containing species, 
and (4) exhibit similar rheological properties to baseline slurries, making it ideal as a drop-
in solution in large-scale manufacturing. Modifications are made from the journal article 
in order to frame its meaning in the broader context of the dissertation as well as include 





 The intention of Chapter 4 was to demonstrate the radically different responses 
from different commonly-used cathode active materials when exposed to water. An 
unintended, though interesting, outcome of this study was the discovery of a route to 
aqueous-processed NCA cathodes through the addition of long-chained (MW = 450,000 
g·mol-1) PAA in tandem with CMC and TRD 202A flouro acrylic emulsion binder. This 
finding was particularly intriguing since studies have shown that without any surface 
modification or slurry additives that aqueous-processed NCA cathodes deliver no capacity 
[143, 147, 148]. 
 There are many reasons NCA is a material of interest for cathodes, particularly in 
BEV applications. NCA has a theoretical capacity of ~190 mAh·g-1 and an average 
potential of 3.7 V [13]. Recent studies that have estimated the energy density of a full cell 
(with graphite anode) with NCA cathode is only lower than a handful of materials, 
including LNO and NMC811. LNO has the stability issues discussed in Chapter 1, while 
NMC811 has seemingly greater surface instability and greater transition metal dissolution 
in electrolyte [16]. The electronic conductivity is also comparatively good for NCA when 
compared with most NMC compositions and LFP [149]. While NCA does contain some 
cobalt, it does contain less than most NMC compositions, including the currently 
commercialized NMC622. However, NCA has the disadvantages of relatively poor thermal 
stability [150] and fast capacity fade. 






1. Oxidation of electrolyte accelerated by delithiated cathode at high potential 
2. Dissolution of transition metals from the cathode active materials promoted by HF 
and other acidic species 
3. Irreversible degradation from a layered structure, to a spinel structure, and to an 
NiO-like rocksalt structure 
4. Microcrack initiation and propagation caused by volumetric changes during 
cycling 
5. Reactions at the graphite anode that consume active lithium 
 
 While cathodes can certainly be influenced by all five mechanisms, Mechanisms 
(1) and (5) do not pertain to the cathode specifically. As demonstrated in Chapter 4, the 
nickel and cobalt dissolution in NCA into electrolyte is no worse than for other nickel- and 
cobalt-containing materials such as NMC532 (see Figure 28). Any time aqueous 
processing is implemented, however, Mechanism (2) becomes more threatening, since 
residual water that is not dried can form HF and exacerbate this mechanism [151]. 
Mechanisms (3) and (4), in particular, are believed to be the two primary culprits for 
capacity fade in NCA [152-156]. Weber et al. determined that the increase in charge 
transfer resistance of NCA cathodes in full cells could be attributed to a thickening of the 
rocksalt layer that forms at the surface as NCA is repeatedly cycled to high upper cutoff 
potentials [155]. It has also been shown by Faenza et al. that the Li2CO3 present on the 




rate capability remains to be seen), but instead products such as LiOH and adsorbed H2O 
cause issues [154]. 
 Therefore, to minimize interactions between the surface of NCA and water in 
aqueous processing, Hofmann et al. have proposed a particle coating of Li3PO4 to make 
aqueous processing possible [148]. Similarly, Watanabe et al. have double-coated NCA 
particles with TiOx and Li2CO3 [157]. Kimura et al. have demonstrated aqueous-processed 
NCA cathodes with a batch [158] and a continuous [159] CO2 gas treatment that coats the 
particles with Li2CO3 (see Equation 4.2-4.3). However, none of these studies exhibit long-
term cycling in full cells; additionally, obtaining uniform particle coatings could be 
difficult to scale. As of now, adding PAA seems to be the best drop-in solution to enable 
aqueous processing of NCA cathodes. PAA has been successfully used to process LFP 
[160, 161], LMO [162], NMC111 [130, 136, 163], and NMC811 [137, 138] in water. It is 
proposed that PAA provides the benefits of binder (assuming a sufficiently high-MW 
polymer is used) [136], dispersant [164, 165], and pH modifier [147]. It is the aim of this 
chapter to analyze the ability of PAA to perform each of these functions for NCA and to 
analyze how the aqueous-processed NCA cathodes perform in full cells with realistic areal 
capacities and N:P ratios. 
5.2 Experimental Section 
5.2.1 Materials, pH Measurement, and XPS Characterization 
 The same NCA, PAA, and TRD202A binder used in Chapter 4 were used in this 
chapter. The CMC used was also from Acros Organics, but had a MW = 250,000 g·mol-1 




measured for six dispersions in DI water, at a solid content of 54 wt% over the course of 4 
h (see Table 16). 
 For XPS analysis, three samples of NCA were prepared by adding 2.0 g of NCA to 
4.0 g of a solution for 1 h. A fourth sample of pristine NCA was also included as a baseline. 
The samples are given in Table 17. The water-containing samples were dried in a vacuum 
oven at 100°C and the NMP-containing sample was dried in a fume hood. The surfaces of 
all four samples were analyzed according to the XPS procedure described in Chapter 4. 
5.2.2 Slurry Characterization 
 The zeta potential (90Plus PALS, Brookhaven) of four dispersions (solid content 
of 10-3 by weight) was measured using PALS: (1) NCA, (2) NCA + CMC (88:1 ratio by 
mass), (3) NCA + PAA (44:1 ratio by mass), and (4) NCA + CMC + PAA (88:1:2 ratio by 
mass). Each suspension used a 0.001M KNO3 solution in DI water as solvent. The zeta 
potential was measured across a pH range of 2-12 with aqueous solutions of HNO3 and 
NH4OH of varying concentrations used to alter the pH. Before measurements were made, 
samples were allowed to rest overnight to allow the charge to equilibrate. The next day, 
measurements were repeated four times, with the average of the measurements being the 
reported value and the standard deviation of the collected data points representing the error 
bars. 
 Slurries were prepared for rheological analysis (see Figure 7) and for coating onto 
aluminum current collector using the high-energy ball mill described in Section 4.2.5. The 




5.2.3 Electrode Preparation and Peel Testing 
 Both slurries from Table 18 were coated onto aluminum foil using a 250 μm wet 
gap film applicator, which yielded cathodes with areal capacities of 2.18 ± 0.04 mAh·cm-
2. To pair with the cathodes, anodes were fabricated by mixing graphite (Superior Graphite 
1520 T), CB, and PVDF (Solvay 9300, pre-dispersed at 5 wt% in NMP) in a 92:2:6 mass 
ratio. Anode slurries were coated on copper foil (9 μm thick, MTI Corp.) with a pilot scale 
slot-die coater (Frontier Industrial Technology). The areal capacities of the anodes were 
such that the N:P ratio was 1.10 ± 0.02. The coatings were dried according to the same 
procedures from Sections 3.2.4 (NMP-based) and 4.2.5 (aqueous-based) with a secondary 
drying step in a vacuum oven at 100°C for 4 h. Cathodes were calendered to a porosity of 
33.9% ± 1.7% and anodes were calendered to 34.7% ± 2.9%. For adhesion testing and 
electrochemical characterization, only calendered electrodes were used. Calendered 
porosity was calculated according to Equation 5.1 [166].  
 














 In Equation 5.1, ε is porosity, mareal is the areal mass loading, L is the dry thickness 
of the coating, x is the mass fraction for active material (AM), carbon black (CB), or binder 
(B), and ρ is the density of each component. 
 SEM was used to image the surfaces of the coatings using the same instrument from 
Section 3.2.3. All electrode material handling, mixing, coating, drying, and storage was 




 Dry coatings from both slurries were subject to 180° peel tests performed using a 
friction peel tester (Mecmesin Friction Peel Tear). Strips of electrode (2.54 cm wide) were 
applied to the platen with double-sided tape (3M VHB Tape) of the same width. The 
electrode strips were peeled at 10 mm·min-1 for 3 min; after delamination, the force needed 
to peel the electrode was constant. This force was divided by the width of the electrode 
strip to calculate adhesion. 
5.2.4 Electrochemical Testing 
  All electrochemical testing was performed in coin cells according to Figure 4, 
using the same materials and glove box from Chapters 3 and 4. Cells were subject to either 
a CV, cycle life with EIS, or rate capability test protocol. CV scans were repeated four 
times and began at OCV. The potential range was 2.8-4.5 V and the scan rate was 0.1 mV·s-
1. The counter electrode used in CV testing was lithium metal. 
 The cycle life and rate capability tests used the graphite anode as described in 
Section 5.2.3. The potential limits were 3.0-4.2 V and 1C for the cells was assumed to be 
185 mA·g-1. In both protocols, formation cycling occurred at +0.1C/-0.1C for three cycles. 
For cycle life testing, the cells were cycled at +0.33C/-0.33C with an EIS protocol 
immediately after formation and after every 100 subsequent cycles (i.e. at OCV). The 
frequency limits were 1 MHz and 100 mHz and the perturbation amplitude was 10 mV. At 
the top of each charge in cycling, the cell was continually charged until the current 
measured was below 0.05C or 45 min had elapsed. At the end of charge and discharge, the 
cells rested for 15 min to allow concentration gradients to settle. In the rate capability test, 




increasing C-rates: 0.2C, 0.33C, 0.5C, 1C, 2C, and 3C. All electrochemical testing was 
performed in environmental chambers at 30°C. 
5.3 Results and Discussion 
5.3.1 pH Measurement and XPS Characterization 
 In addition to being strong predictors of current collector corrosion, pH 
measurements give general time scales for processes occurring at the surface and in 
solution. As was shown in Figure 19 for pristine NCA in water, the pH rises sharply within 
the first 10 min of exposure before plateauing (see Figure 32a). After 4 h, the pH of the 
sample reaches a value of ~12.7. As can be seen, there is little effect on the slope of the pH 
curve or the final values when the other slurry additives are included (CMC, TRD 202A, 
or CB), which is consistent with the study from Wood et al [139]. The pH is slightly lower 
(~12.2) when CB is included in the slurry, which could be due to the adsorption of CB to 
the surface of the NCA. This adsorption could provide a protective barrier for further metal 
dissolution, though it is not effective enough to influence the pH significantly. As described 
in Section 4.3.1, the initial rise in pH is due to the dissolution of surface species, while the 
subsequent gradual increase is due to proton exchange. 
 When PAA is included, the pH profile is radically different. Rather than an initial 
pH of ~10.5 as seen in the other samples, the pH for samples containing PAA starts at a 
pH of ~3.8. Technically, this acidic pH is not ideal, as corrosion is predicted below a pH 
of 4, according to the Pourbaix diagram [126]. With 1 wt% PAA, the pH is unchanged for 
around 10 min before steadily increasing to ~5.7 after 2 h and then sharply increasing to 




to ~4.5 after 2 h and ~5.8 after 4 h. In manufacturing settings, slurry may be mixed and 
stored for around 4 h, meaning that 2 wt% PAA may be necessary to stabilize the slurry, 
since coating a neutral slurry would be the ideal case. 
 When PAA is added to water, the -OH group on the carboxylic acid deprotonates 
leaving a negatively charged -COO- substituent group (see Figure 32b). Initially, these 
dissociated protons boost the proton concentration in solution, thus reducing the slurry pH. 
However, over time, these additional protons in solution will be exchanged with lithium 
from the NCA particle surface, thus increasing the relative amount of OH- and making the 
slurry more basic. On the other hand, CMC contains negatively-charged carboxymethyl 
groups (-CH2COO
-) whose charged is neutralized by sodium ions. Because of this, CMC 
has no impact on the pH of the solution since it does not donate protons as PAA does. This 
was confirmed by measuring the pH of the pre-mixed CMC solution (~6.6).  
 As an extension of the XPS analysis from Chapter 4, the surface of NCA particles 
exposed to an aqueous PAA solution and NMP (as well as the pristine particle and water-
exposed particle) were analyzed via XPS (see Figure 33a-g). It is clear that there are few 
differences between the pristine NCA sample and that exposed to NMP, which is 
unsurprising since the surface species do not dissociate in NMP and have been observed in 
other cycling studies with NCA [154]. Specifically, both samples show a significantly 
higher amount of lithium than the other two samples, and that more of this lithium is 
ascribed to the carbonate peak (55 eV) than the lattice peak (54 eV). In the O 1s scan, more 
oxygen is attributed to the carbonate peak (532 eV) than the C=O peak (531 eV) for these 




1s scan, in which more surface carbon is assigned to the -OC3 bond (289 eV) than the C=O 
bond (288 eV). They also both show noisy spectra in the Ni 2p3/2 and CO 2p3/2 scans due 
to this carbonate layer blocking the transition metals [147].  
 When examining the water-exposed sample, the same conclusions can be drawn as 
were seen in Chapter 4. The lithium-to-transition metal ratio is significantly lower than the 
other two samples due to the removal of lithium-containing surface species (decreasing the 
lithium content) and the reveal of the bulk transition metals (increasing the nickel, cobalt, 
and aluminum content). More interesting is the sample exposed to aqueous PAA solution, 
which is similar to the water-exposed sample with one major exceptions: a significant peak 
at 288 eV, indicating C=O. This suggests that after drying, some PAA was adsorbed to the 
surface of the NCA particles, since the C=O bond is found in the -COOH group of PAA 
(see Figure 31b). This adsorbed binder may be able to reduce (though not eliminate, as will 
be shown) the harmful interactions that the NCA particle surface has with water. 
 Another piece of evidence that the surface reconstruction is mitigated is the Al 2p 
peak. In Figure 27, it was shown that the amount of aluminum leached into water was far 
greater than nickel or cobalt; this finding was also observed in the work of Hofmann et al 
[143]. This could be due to the dissolution of LiAlO2, a substructure of NCA, which reacts 
with water as shown in Equation 5.2: 
 





 The small peak observed at 74.7 eV for Sample B (and not present in the other 
samples) is evidence for this reaction [167]. Sample B also shows a strong peak at 73.8 eV 
that is absent from the other samples, which suggests Al2O3 [168]. Al2O3 is formed 
according to the Equation 5.3: 
 
2Al + 3H2O → Al2O3 + 3H2 (5.3) 
 
 Meanwhile, Samples A and D lack these peaks and instead have a peak at 72.5 eV. 
This shift of Al 2p peaks to higher binding energies as a result of water exposure in NCA 
was also observed by Hofmann et al [169]. Interestingly, Sample C shows the peak at 72.5 
eV and not the two seen in Sample B. This suggests that the PAA adsorption to the NCA 
particles successfully suppresses the aluminum dissolution. 
5.3.2 Slurry Properties 
 To ascertain the ability of PAA to function as a dispersant, zeta potential 
measurements were conducted on dispersions containing only NCA, NCA + CMC, NCA 
+ PAA, and NCA + CMC + PAA (see Figure 34). With only NCA in solution, the 
isoelectric point (IEP) is at a pH of ~7.3 and the zeta potential is between -30 mV and 25 
mV over the entire pH range tested. According to Table 8, this dispersion has “growing 
stability” under most solution conditions. However, it is most unstable between pH of 4.0 
and 8.5 (particularly as the solution is more neutral), which is the pH at which the slurry 




would be traded with the problem of a highly agglomerated active material, which would 
lead to poor material utilization [104]. 
 The addition of CMC, PAA, or both CMC and PAA all greatly improve the stability 
of NCA. In all three samples, the IEP is shifted down to the range of 2.5-3. At a pH of 7, 
the NCA + CMC dispersion has a zeta potential near -60 mV, while the samples containing 
PAA approach -90 mV. According to Kumar et al., outstanding stability is reached when 
the absolute value of the zeta potential is in excess of 60 mV [170]. Therefore, PAA is the 
better dispersant within the pH window of interest, though the improvement over CMC 
may be marginal. 
 As confirmed by the XPS data in Section 5.3.1, the charged carboxyl groups of 
PAA adsorb onto the NCA particle surfaces. This provides electrostatic stability by 
removing charged sites that may attract other NCA particles. Though steric stability is not 
measured by zeta potential, it is also possible that long-chained PAA strands can provide a 
physical barrier to flocculation as well. Since CMC exhibits a similar trend to PAA, it is 
assumed that the carboxymethyl groups bond with the NCA particles to provide 
electrostatic stability. The trend in pH observed here is very similar to that reported by Kuo 
et al. who studied the improved stability of NMC811 when mixed with PAA [137]. 
 Rheological techniques were used to compare the processability of the aqueous-
processed NCA slurry with the baseline at 25°C. The procedure defined in Figure 7 was 
enacted, meaning the yield stress, viscosity profile, and moduli as a function of strain and 
frequency were studied. As described in Section 3.3.1, the yield stress can be estimated by 




of shear rate (see Figure 35a). The yield stress for the baseline slurry was calculated to be 
about 30.2 Pa and for the aqueous-processed slurry was about 16.0 Pa. The stress data from 
the flow ramp test can be converted to viscosity and the viscosity curve is shown in Figure 
35b. In the low-shear region, the baseline slurry is more viscous (by a factor of 2-3), 
probably due to the high MW and viscosity of the PVDF binder when compared with the 
composite binder (CMC, TRD 202A, and PAA) used in the aqueous-processed cathode. In 
the high shear region, the viscosity of the slurries is essentially equal. At high shear rates, 
the stress generated in the slurry is dominated by hydrodynamic forces; with the same 
dispersion quality, it is logical that the viscosity of both slurries would be similar. For both 
slurries, the LSV is 2-3 orders of magnitude greater than the HSV, meaning both slurries 
have high degrees of shear thinning, which is a desirable property for electrode slurries (as 
discussed in Chapter 3). 
 The low-shear and resting behavior of the slurries were further analyzed using the 
amplitude (see Figure 35c) and frequency sweeps (see Figure 35d). The equilibrium G’ 
(i.e. G’ of the LVR in the amplitude sweep) correlates with the LSV, which is why the 
equilibrium G’ of the baseline slurry is about 650 Pa compared to 410 Pa of the aqueous-
processed slurry. However, the critical strain is much higher for the aqueous-processed 
slurry (1.4%) than the baseline slurry (0.21%). Furthermore, the crossover point of G’ and 
G’’ is observed at ~3% strain for the baseline slurry and is not observed for the aqueous-
processed slurry. While the soft solid structure for the baseline slurry is stronger, it also 
requires less strain to deform it and to make the slurry behave in a more viscous fashion. 




greater for the baseline than the aqueous-processed slurry, which fits well with the LSV 
and amplitude sweep data. 
 To summarize the rheological data, the aqueous-processed slurry does behave 
similarly to the baseline slurry. While it is comparatively lacking in LSV, the aqueous-
processed slurry does still exhibit a desirable microstructure and shear thinning behavior. 
Practically, this means that the water-processed NCA slurry with PAA has the rheological 
properties necessary to be compatible with slot-die coating and is thus a feasible solution 
from a coating perspective. 
5.3.3 Surface Images and Adhesion Measurements 
 Surface images of dried cathodes were taken to understand the differences in 
morphology between the baseline and aqueous-processed cathodes. In the uncalendered 
baseline, secondary NCA particles (about 5 μm in diameter) are surrounded by a well-
dispersed CB/PVDF network (see Figure 36a). When calendered, far fewer pore spaces are 
evident on the surface and better connectivity is established between particles and the 
CB/binder network (see Figure 36b). These images look similar to SEM images obtained 
of other NMP-processed cathodes [171]. The uncalendered aqueous-processed NCA 
cathode looks far better than that with no PAA from Chapter 4 (see Figures 30a, 36c). 
However, there are still a few long, thin (~1 μm wide) cracks evident in the slurry, though 
compacting the coating seems to fill them in (see Figure 36d). 
 The following causes were speculated to cause the cracking in the aqueous-
processed coating: (1) corrosion of the aluminum current collector, (2) high surface tension 




same slurry was coated onto a copper foil, since it is not known to corrode when in contact 
with aqueous cathode slurries [127]. After drying, the coating appears to exhibit cracking 
similar to that coated on aluminum foil (see Figure 36e). The PAA concentration was 
changed to 1.5 wt% and 3.0 wt% and coated on aluminum, though cracks were still evident 
(see Figure 36f-g). Observing these images, it seems that the cracking is not due to 
corrosion. Du et al. have shown that using IPA as a co-solvent with water can reduce the 
surface tension of the slurry and thus reduce harmful capillary forces during drying [171]. 
While this tactic succeeded in their study, it was ineffective here at preventing the long, 
thin cracks from forming (see Figure 36h). Therefore, cause (2) can be removed from 
consideration. Finally, it has been shown that ceramic coatings are more likely to crack 
above a critical thickness [172, 173]. Another coating was made with the aqueous-
processed slurry, though this time with a 100 μm wet gap. While there are not as many 
long, thin cracks as seen in the thicker aqueous-processed cathode, there are still surface 
defects in the thinner coating (see Figure 36i). 
 These surface images reveal that there are cracks and defects that appear on the 
surface of the dried aqueous-processed cathode. It was also shown that commonly-
employed engineering controls (managing corrosion, surface tension, and coating 
thickness) do not solve the issue. The origin of the cracking may arise from the dissolution 
of lithium- and aluminum-based compounds that proceeds when NCA is exposed to water. 
However, it appears that calendering is able to partially compensate for these surface cracks 




 Next, it was important to understand the effectiveness of the composite binder of 
the aqueous-processed cathode; therefore, a peel test was employed (see Figure 37). The 
absolute values of adhesion are less important than a comparison of the values obtained at 
the same experimental parameters [134, 136] (kind of tape, width of tape, peel rate, 
pressing force, etc.) since the force measured is so sensitive to these conditions. Here, the 
calendered baseline cathode has substantially better adhesion than the aqueous-processed 
cathode (88.6 to 20.6 N·m-1, respectively). As discussed in Chapter 4, Bauer et al. have 
shown that the high-MW PAA provides better adhesion than low-MW PAA or other acids 
(see Figure 31) [136]. It is possible that the adhesion could be improved through optimizing 
the ratio between the components in the composite binder, though this lies outside the scope 
of this dissertation. Another parameter that bears influence on the adhesion strength is the 
degree of calendering (i.e. the porosity). Since the coating has a significantly lower elastic 
modulus than the aluminum current collector [174], it will be spread laterally to a greater 
extent than the substrate and will interrupt the connections established between binder and 
current collector. While this effect is most pronounced between porosities of 30-35% [174], 
which is the amount of calendering done in this study, calendering to lower porosities can 
improve adhesion via mechanical interlocking. Still, there are trade-offs to consider when 
calendering to porosities below 30%, such as the considerable increase in ion transport 
tortuosity and the increased risk of particle damage. As with the optimal binder ratio, the 





5.3.4 Electrochemical Characterization 
 The reversibility of the intercalation reactions was analyzed using CV (see Figure 
38 and Table 19). In the anodic scan of the baseline cathode, peaks were observed at 3.746 
V, 4.010 V, and 4.226 V. The corresponding cathode peaks were discovered at 3.683 V, 
3.914 V, and 4.135 V. These peak differences were in the range of 60-100 mV, which is 
indicative of a system that is highly reversible and has low impedance. The peaks 
correspond to (in order of increasing potential) the transition from the first hexagonal phase 
(H1) to the monoclinic phase (M), the transition from M to the second hexagonal phase 
(H2), and the transition from H2 to the third hexagonal phase (H3). Nickel-rich layered 
materials, such as NMC811, tend to show these three peaks in CV scans as well as 
differential capacity analysis plots [137, 175]. 
 The aqueous-processed cathode shows three peaks as well, though the second peak 
is not well-resolved. The locations of the peaks in the anodic scan are 3.861 V, 4.078 V, 
and 4.247 V; correspondingly, the cathodic peaks are 3.598 V, 3.849 V, and 4.101 V. These 
peak differences are in the range of 140-270 mV, which suggests there is greater impedance 
in these cathodes than in the baseline. The greater difference in peak position in the water-
processed cathode could also be attributed to greater binder coverage on the surface [127], 
since we know there is an interaction between PAA and the NCA particle surface. This 
PAA coverage, combined with surface changes that occur due to water exposure, is more 
resistive than the Li2CO3 layer present on the NMP-processed NCA particles. 
 The impedance of the baseline and aqueous-processed cathodes in full coin cells 




response is presented in a Nyqust plot and an equivalent circuit is used to fit the data in 
order to derive meaningful parameters. In the equivalent circuits, R1 represents the ohmic 
resistance (Rohmic, high frequency), R2 represents the SEI resistance (RSEI, medium 
frequency), and R3 represents the charge transfer resistance (Rct, low frequency). The 
Warburg element is a model for the diffusion “tail” seen at low frequency in the Nyquist 
plot. The constant phase elements model the capacitance observed at rough electrode 
surfaces. However, the focus of this analysis is on the resistances (see Table 20). The exact 
values are subject to the fit method used and the range of data included in the fit. Here, the 
Zfit function of EC-Lab and the Randomize + Simplex method were used. Therefore, as 
with the adhesion values, the resistances are best understood in the context of comparing 
them between the cathodes. 
 After formation, the two cathodes have ohmic and SEI resistane values that are 
roughly equivalent. Since the ohmic resistance is mostly dependent on the electrode 
materials and electrolyte, it follows that they are similar. SEI resistance is a function of the 
formation steps and the anode used; here, the same protocol and graphite roll are used, so 
there are unlikely to be differences. The difference in impedance arises from charge 
transfer resistance, in which the aqueous-processed cathode has a resistance nearly six 
times that of the baseline cathode (72.4 to 11.2 Ω). This poor charge transfer resistance of 
the water-processed cathode could be due to the poorer quality of the electrode, as seen in 
SEM images and from adhesion testing. Specifically, it could be assigned to the surface 
reconstruction as a result of lithium leaching [176]. Interestingly, after 100 cycles, there is 




formation. More cycling time or more aggressive cycling conditions (higher rates, higher 
temperatures, etc.) may be required to see a marked difference in resistance. To precisely 
assign charge transfer resistance to the cathode, a three-electrode pouch cell configuration 
as described by An et al. could be beneficial [177]. Additionally, collecting EIS spectra at 
different states-of-charge could help better quantify the increase in resistance during 
cycling. 
 During cycling, the first-cycle Coulombic efficiency of the aqueous-processed 
cathode is lower (92.2%) than the  baseline cathode (96.7%). This could be due to the 
reduction of the PAA in the initial cycling [178]. At the beginning of cycling, the full cell 
containing the aqueous-processed cathode has an initial discharge capacity of 160.4 
mAh·g-1 and the cell containing the baseline cathode has an initial discharge capacity of 
181.5 mAh·g-1 (see Figure 40a). When compared to the half-cell data from Chapter 4 
(176.3 and 185.2 mAh·g-1, respectively), the initial discharge capacity of the aqueous-
processed and baseline cells is lower, particularly for the water-processed cell. Essentially, 
in full cells, the initial discharge capacity is lower for either cathode, though the aqueous-
processed cathode is diminished more severely. In other studies examining aqueous-
processing for NCA [148, 157], half coin cells are used, and the difference in initial 
discharge capacity is closer to that seen in Chapter 4 rather than that seen in the full cells 
here. This suggests that the additional lithium inventory in half cells is able to better 
compensate for the losses due to aqueous processing. The decline in initial discharge 




to excessive lithium dissolution according to the delithiation/dissolution mechanism 
proposed by Hamam et al [179]. 
 Another advantage of using full cells is the more meaningful assessment of 
Coulombic efficiency. The Coulombic efficiency of the baseline cells is >99.9% and for 
the aqueous-processed cells is >99.7%. The improvement in Coulombic efficiency from 
the half cells is due to the relatively inert nature of the graphite anode when compared to 
lithium metal. Why there is a drop in Coulombic efficiency from the aqueous-processed 
cathode is a question requiring further exploration. 
 Despite their differences, both half and full cell data for the aqueous-processed 
cathode shows an increase in the discharge capacity in the beginning of cycling. In fact, 
the gain in capacity is greater for the full cell, possibly because its initial capacity is 
diminished much more than the half cell. For the full cell, the discharge capacity reaches 
its maximum at the 20th cycle (168.5 mAh·g-1). Again, this boost in capacity could arise 
from intercalant protons on the NCA surface once against exchanging with lithium ions in 
solution [120] and/or from expansion of the material exposing more semi-fractured 
particles able to accept lithium ions. 
 Starting at the 20th cycle, the decline in capacity is linear for both cells. While the 
half cells from Chapter 4 showed much more rapid decay (mainly due to the reactivity of 
the lithium metal anode), the full cell cyclability test reached the same conclusion; the 
aqueous-processed cathode does not decay as quickly as the baseline cathode. After 
performing a linear fit and extrapolating over several hundred more cycles, the cycle at 




to most battery manufacturers, a battery has reached its EOL when the delivered capacity 
is only 80% of the initial capacity. The baseline cell reached EOL at the 380th cycle and 
the aqueous-processed cell reached EOL at the 600th cycle, a 57.9% extension of the 
lifetime. If instead the maximum capacity is considered the initial capacity, the aqueous-
processed cell would reach its EOL at the 503rd cycle, which is a 27.1% improvement of 
the lifetime over the baseline. In either case, a considerable improvement can be observed 
in capacity retention. The crossover point (i.e. the cycle at which the capacity of both cells 
is equivalent) is estimated to occur at the 388th cycle. 
 Differential capacity analysis can be used to better understand the capacity fade 
observed during cycling (see Figure 40b-c). In differential capacity analysis, the slope of 
the capacity vs. potential graph (dQ·dV-1) is plotted as a function of potential, which yields 
a curve similar to a CV curve. There are two features of a differential capacity analysis plot 
of interest: peak separation and peak height. Greater peak separation over cycling is 
indicative of an increase in the resistance of the cell while flattening peak heights is 
indicative of material or chemical changes, which has been observed previously in 
NCA/graphite full cells [180]. Initially, the peaks of the baseline cell are more resolved, 
have less separation, and are sharper than those in the aqueous-processed cell, which 
correlates well with the data from the CV and EIS data. By the 360th cycle, both cells 
exhibit peaks that are further apart and flatter, though the degradation is more severe in the 
baseline cell than in the aqueous-processed cell. Therefore, the resistance in the baseline 
cell is growing at a faster rate than in the aqueous-processed cell. To further make this 




from the baseline cathode than in the aqueous-processed cathode (see Figure 41). Instead 
of cracks, the active particles in the aqueous-processed cathode are covered with PAA. 
Since cracking of active materials is a serious degradation route for nickel-rich active 
materials [16], it is likely that the less-cracked aqueous-processed particles assist the 
electrode in retaining its capacity. 
 The final test enacted was a rate capability test. These values were based on the 
average of three cells, with the error bars representing the standard deviation of the cells 
tested (see Figure 42). At discharge rates up to 0.5C, the cells exhibit comparable 
performance, though at 1C, the capacity of the aqueous-processed cell is noticeably lower 
than the baseline (107.2 to 143.0 mAh·g-1, respectively). The difference is greater at 3C, 
where the aqueous-processed cells deliver 19.0 mAh·g-1 compared to 99.4 mAh·g-1 for the 
baseline cells. The poor rate performance correlates well with the higher charge transfer 
resistance of the water-processed cathode. This higher resistance could be attributed to 
poor adhesion as well as the surface reconstruction of the NCA particles due to water 
exposure. 
 Evaluating the electrochemical performance of cathodes in full cell formats with 
practical areal capacities, porosities, and N:P ratios has been a limitation of battery research 
as a whole for some time, much less for emerging processing techniques such as aqueous 
processing. Recently, Ue et al. have suggested that industry-grade batteries require areal 
capacities of at least 3 mAh·cm-2, porosities below 30%, and N:P ratios around 1.1 [106]. 
While performance is optimized at around 34% porosity [181], the cathode is compacted 




The capacity of the anode must be greater than that of the cathode to prevent (or at least 
minimize) lithium plating from occurring at the anode surface, though it must not be 
significantly greater to not add unnecessary weight and volume to the cell [182, 183]. 
Another step towards optimization would be to reduce the CB and binder concentration in 
the slurry. In this chapter, 5 wt% CB and 7 wt% binder (CMC, TRD 202A, and PAA) were 
used to fabricate electrodes. Practically, these components will need to be minimized much 
further in order to achieve high energy densities. Fortunately, large-scale mixers are more 
capable of mixing slurries with greater solid contents and greater active material contents 
than lab-scale mixers. Still, new mixing protocols or materials for conductive additive 
(carbon nanotubes, for instance [184]) or binder may be necessary to simultaneously reduce 
the concentration of inactive materials in the slurry while improving the adhesion (and, 
hopefully, charge transfer resistance and the cell’s rate capability). 
5.4 Conclusions 
 The importance of this work originates from the successful creation of a high-
capacity, nickel-rich, relatively low-cobalt cathode from a water-based slurry, and the 
thorough analysis of this slurry and cathode. NCA has captured the fascination of many in 
industry, including Tesla, who uses a more nickel-rich variant of it for their BEVs. To 
reduce the manufacturing costs of fabricating NCA cathodes and ensure safer production 
for workers and the environment, replacing NMP solvent with water is a step many see as 
essential [185, 186]. Here, it is shown this is possible using the drop-in answer of PAA 
addition, which provides the benefits of stabilizing the particles from agglomeration, 




slurry. The flaws with this strategy seem to be an unacceptable drop in initial capacity (-
7.7%, when the maximum capacity at the 20th cycle is considered the initial capacity) from 
the baseline cathode and the inability to function competitively at practically necessary 
discharge rates (> 1C). These problems stem from surface phenomena, probably due to 
lithium- and aluminum-containing species, causing cracking at the electrode surface. These 
cracks can be filled in by calendering the electrode, though the adhesion of the coating to 
the aluminum foil is still poor. This poor adhesion and modified surface of particles, then, 
can be assumed to be responsible for the unacceptable rate performance. Still, the 
cyclability of the aqueous-processed cathode is better than the baseline, likely due to the 
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This chapter contains material modified from the following research paper that has 
been submitted to Journal of Power Sources for review: 
 W. B. Hawley, Z. Du, A. Kukay, N. J. Dudney, A. S. Westover, J. Li, 
Deconvoluting sources of failure in lithium metal batteries containing NMC and PEO-
based electrolytes, submitted. 
 My contributions to this paper were as follows: (1) Making and testing the 
electrodes in this study, (2) Interpreting electrochemical data, and (3) Preparing and 
organizing the manuscript. Zhijia Du is credited with helping fabricate some of the GPE 
used in this study. Alexander Kukay assisted with characterizing the surface coverage of 
active materials on the surface of dust electrodes. Nancy J. Dudney designed the dust 
electrode experiments. Andrew S. Westover and Jianlin Li assisted with experimental 
design, data analysis, and manuscript preparation. 
6.1 Introduction 
 The focus of the three previous chapters has primarily been comprised of  
optimizing the production of LIBs by making more reliable NMP-based coatings quicker 
and more cheaply and by replacing the toxic NMP solvent altogether with water and 
addressing the associated challenges. While these studies are important to the increased 
deployment of energy storage solutions, there is tremendous fundamental research 
dedicated to SSLMBs in universities and laboratories worldwide. Since SSLMBs are at a 
far lower TRL than LIBs, which are ubiquitous and commercialized, more questions exist 




SSLMB research, the general philosophy is to develop high-performance materials and test 
them in small-scale, rather unrealistic cell conformations. This chapter offers the reverse 
perspective; I select materials that show excellent potential for scalability and energy 
density, build them into a two-electrode coin cell, and systematically troubleshoot 
deficiencies in this cell. 
 As discussed in Section 1.3, SPEs own a tremendous advantage over oxide and 
sulfide-based electrolytes in terms of processability; however, compared to the alternatives, 
SPEs suffer from inadequate room-temperature ionic conductivity. The reason for this low 
ionic conductivity stems from the mechanism by which ions are conducted in SPEs, which 
is classically understood as being governed by the segmental motion of the polymer chains. 
These motions can be increased by employing a highly amorphous polymer as opposed to 
a highly crystalline one. One way to reduce the crystallinity of polymers is to crosslink 
them with UV or electron beam (EB) radiation [187]. Although many of the polyethylene 
oxide (PEO)-based SPEs cross-linked via these tactics still reach poor room temperature 
ionic conductivities (10-5 S·cm-1) [188-192], Du et al. recently fabricated a SPE with a 
room temperature ionic conductivity an order of magnitude greater than these predecessors 
by using poly(ethylene glycol) dimethyl ether (PEGDME), a derivative of PEO [193]. 
Practically, the use of UV and EB technology has fantastic potential as a scalable 
manufacturing solution [37, 38, 194]. As discussed in Chapter 3, the segmental motion of 
a polymer increases at higher temperatures, meaning the ionic conductivity of a SPE is a 
strong function of temperature. In some applications, temperatures around 50°C may be 




in cells containing SPEs. Henceforth, this particular solid polymer electrolyte will be 
referred to as a gel polymer electrolyte, or GPE. 
 Given the unique chemistry of cathode active materials and the array of ways in 
which SPEs may be customized with additives and different proportions of ingredients, it 
is vital to ensure that stability between the two materials is achieved. For the commonly 
studied PEO, the active material choice has been limited to LFP since it is believed to be 
unstable at potentials higher than 3.8 V vs. Li/Li+ based on linear sweep voltammetry data 
with a conductive carbon electrode [195]. More recently, PEO was found to be stable up 
to 4.6 V with high-voltage cathode materials such as NMC622 and LNMO in galvanostatic 
charge tests [196]. Homann et al. described the “voltage noise” phenomenon after briefly 
cycling these cells, which occurs due to lithium dendrites forming on the lithium metal 
anode, protruding through the electrolyte, and either temporarily or permanently short-
circuiting the cell [196, 197]. 
 Given that this GPE has reasonable ionic conductivity at 50°C, there are three 
possible sources of failure that must be addressed with this GPE when built into a cell with 
a high-voltage NMC material: 
 
1. Lithium dendrites causing temporary or permanent short-circuiting by puncturing 
the GPE at the GPE/lithium metal anode interface 
2. Instability of the GPE at high voltage (> 3.8 V) or between the GPE and cathode 




3. Poor cathode design leading to loss of connection with the cathode active material 
(limiting cycle life) or slow lithium diffusion (limiting rate performance) 
 
 In this chapter, these three failure mechanisms are deconvoluted by evaluating the 
cycling performance of different combinations of materials. Specifically, SSLMB cells 
featuring polycrystalline (PC)-NMC811, GPE, and lithium show voltage noise and rapid 
resistance buildup problems. A rarely-used electrode [198-200], here called the “dust 
electrode,” was fabricated to demonstrate stability of the GPE with NMC811 between 2.8-
4.5 V using CV; while the possibility of side reactions between GPE and NMC811 could 
not be entirely eliminated, they appear to be minor in comparison to other failure 
mechanisms. This finding was supported by the performance of PC-NMC811 and LFP 
symmetric cells. These cells, unlike the SSLMB cells, were capable of being cycled for 
100 cycles, though the capacity fade was still significant. With the threat of lithium metal 
dendrites eliminated in these cells and the threat of incompatibility between GPE and 
cathode material believed to be minor, the cathode morphology was believed to be 
responsible for the bulk of the capacity fade. By observing significantly better cycling 
performance from single-crystal (SC)-NMC622 built into a SSLMB with GPE and lithium 
metal, it was concluded that after lithium metal dendrites, the cathode design is the 
secondary culprit of failure in these cells. Therefore, if instability between the GPE and 
high-voltage cathodes exists, it is smaller in magnitude than the other two issues and thus 




6.2 Experimental Section 
6.2.1 Fabrication of Electrodes and GPEs 
 Cathodes featuring PC-NMC811 or LFP (90 wt%), carbon black (5 wt%), and 
PVDF (5 wt%) dispersed in NMP were slot-die coated (Frontier) onto aluminum foil after 
being mixed overnight in a planetary mixer (Ross, PMD - 1/2) with planetary speed at 25 
rpm and dispenser speed at 600 rpm. The solvent was dried in a multi-zone dryer set to 
130°C. Additionally, a SC-NMC622 slurry was mixed with the same components and mass 
ratios in a high-energy ball mill, coated using a film applicator, and dried at 100°C. In the 
context of this chapter, these cathodes containing binder and conductive additive are 
referred to as “composite cathodes.” SEM images of all three cathode materials are shown 
in Figure 43. 
 The dust electrodes used were created using a procedure similar to that described 
in previous studies [198-200]. First, PC-NMC811 (Targray, d50 = 13.8 μm) particles were 
dispersed in acetone at a loading of 1 wt%. The dispersion was mixed using a vortex mixer 
for 1 h. Two 12.7-mm diameter gold discs (Ted Pella Inc., 99.99% purity) were punched 
from a sheet and a drop of the PC-NMC811 solution was placed between them. Next, the 
sample was placed in a hydraulic press and pressed at 15,000 psi. After pressing, the sample 
was removed and the gold surface embedded with NMC811 particles was washed with 
acetone. The disc was examined in an optical microscope (Keyence) to verify that PC-
NMC811 had been embedded onto the surface of the disc (see Figure 44). 
 The UV-curable GPE used in this chapter consisted of poly(ethylene glycol) 




Sigma Aldrich), and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, HQ-115, 3M) in 
equal parts by mass. After 1 h of mixing in a vortex mixer, phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (97%, Sigma Aldrich) was added as photoinitiator and 
mixed in the vortex mixer for another 1 h. Next, drops of the resulting gel were placed in 
a glass dish and spread with a pipette. The dish was placed under a UV light source (5000-
EC, Dymax) and cured for 2 min. As in previous chapters, all materials and assembly 
processes were conducted in a dry room. 
6.2.2 Electrochemical Measurements 
 Dust electrodes were built into coin cells with GPE and lithium metal anode 
according to the procedure outlined in Figure 4. Some cells contained no liquid electrolyte 
while others contained one drop of 1.2M LiPF6 in 3:7 (w/w) EC/EMC on both the cathode 
and anode sides of the cell. Since the GPE curls and is unusable in the presence of liquid 
electrolyte, the drops of liquid electrolyte were dried with a wipe. Four CV scans were 
performed between 2.8-4.5 V starting at open potential; unless otherwise stated, the scan 
rate used was 0.1 mV·s-1 and the third scan is shown. 
 Composite cathodes (areal capacity = 0.88 ± 0.09 mAh·cm-2) were built into coin 
cells with GPE and lithium metal anode and charged and discharged at +0.1C/-0.1C 
between the potential limits of 3.0-4.3 V. Coin cells operated at 30°C were cycled in an 
ESPEC reach-in testing chamber and those operated at 50°C were cycled in a Cincinnati 
Sub-Zero benchtop testing chamber. Symmetric cells were constructed by cycling two half 
coin cells with liquid electrolyte and Celgard separator at +0.1C/-0.1C between 3.0-4.3 V 




which the cell was charged to 50% state-of-charge (SOC). The cells were charged to this 
potential, then disassembled to reclaim the cathodes. Next, the cathodes were washed with 
DMC and left to dry in a fume hood. Once dry, the cathodes were brought back into the 
glove box and built into a symmetric cell separated by GPE and no liquid electrolyte. 
6.3 Results and Discussion 
6.3.1 Cycling Results 
 In order to deconvolute the sources of failure in the SSLMB cells, a cell with PC-
NMC811 was cycled with GPE and lithium metal anode (see Figure 45a-b). The cell 
delivered a maximum of 140.4 mAh·g-1 in the fourth cycle, which is 75% of the realistic 
capacity of NMC811 [13]. In Chapter 5, the capacity was seen to increase in the aqueous-
processed cell due to a reverse proton exchange occurring with lithium ions; here, the slight 
increase in capacity is attributed to the volumetric expansion/contraction during 
intercalation/deintercalation exposing slightly more active material to the GPE, thus 
making it available to react. The capacity of the cell faded gradually until about the 24th 
cycle, when the capacity was very low for about six cycles. This is believed to be because 
the cell experienced “soft,” or temporary, short circuiting due to lithium dendrites. The 
voltage noise phenomenon that demonstrates these soft short circuits is displayed in Figure 
45c. 
 The cell recovered from the soft short circuiting and steadily faded until the 40th 
cycle. At this point, the capacity faded substantially, delivering less than 10 mAh·g-1 by 
the 51st cycle. The potential profile at this point in the cycling reveals that the cells become 




understand the effect of current density and cathode thickness on the failure mechanism; 
as shown, the rapid capacity fade still occurred in this cell. To determine if the fade is a 
function of GPE reactions with NMC811, a LFP | GPE | Li cell was tested. Just as in the 
other cells, rapid capacity fade was observed very early in cycling. With this cycling data, 
all three sources of failure described in Section 6.1 are still possible. 
6.3.2 Dust Electrode Analysis 
 The first dust electrode was built into a cell containing liquid electrolyte and 
separator (see Figure 46a). This cell was scanned between 2.8-4.5 V to confirm that the 
gold disc was appropriate and did not catalyze unwanted side reactions. As shown, the CV 
curve has very well-resolved peaks and shows the four expected redox processes in 
NMC811. In the forward scan, the first two peaks (3.637 V and 3.739 V) correspond to the 
H1 to M transition (see Section 5.3.4) as well as the individual Ni
2+/Ni3+ and Ni3+/Ni4+ 
redox couples. The next two peaks (4.017 V and 4.204 V) represent the M to H2 and H2 to 
H3 phase transitions.   
 The corresponding reverse peaks are at 3.617 V, 3.725 V, 3.991 V, and 4.181 V. 
The peak-to-peak separations, in this case, are between 14-23 mV. The Nernstian ideal 
predicts a peak-to-peak separation of approximately 62 mV at 50°C for single-electron 
processes [85], such as those in this scenario. By setting the switching potentials (4.5 V 
and 2.8 V) substantially higher/lower (≥ 300 mV) than the potential of the latest redox 
event, it is possible for the peak-to-peak separation to be lower than what is predicted [201]. 
Additionally, many potentiostats measure not only the precise potential between a working 




by the current [201]. It could be possible that the dust electrode is a device with so few 
uncompensated resistances that the peak-to-peak separations measured are slightly lower 
than the Nernstian prediction. Peak-to-peak separations lower than the Nernstian ideal were 
also observed by Chung et al. who used a dust electrode to characterize LMO [200]. 
 Another indication of great reaction reversibility is the ratio between the maximum 
current of corresponding peaks in the forward and reverse scans, which is between 1.1-1.4 
for the four peaks. Ideally, the peak ratio would be equal to 1.0 [201]. The success of the 
dust electrode can be attributed to its strong connection with the gold current collector, the 
relative thinness of the particle layer on its surface, and the absence of electrode additives, 
such as binders and conductive additives. Additionally, the dust electrode is a more 
appropriate and realistic electrode configuration than those with unrealistic surface areas 
used in some linear sweep voltammetry experiments [196]. 
 Next, a dust electrode was built into a cell with GPE and lithium metal counter 
electrode. The best results were obtained by including an additional spacer and decreasing 
the scan rate to 0.01 mV·s-1 (see Figure 46b). These modifications were necessary because 
of the extraordinarily high interfacial resistance between the GPE and cathode material. 
Still, only one broad peak was observed in both the forward (3.837 V) and reverse (3.210 
V) scans. The peaks are separated by ~ 600 mV; though the peak ratio is also very high, 
the scan rate is so low that the currents measured are approaching the limits of the 
instrument. 
 To overcome this interfacial resistance, one drop of liquid electrolyte was placed 




drops were wiped since the GPE curls when in contact with liquid electrolyte. This strategy 
was successful in alleviating some of the resistance and voltammograms were collected at 
0.1 mV·s-1 and with two spacers (see Figure 46c), as was the dust electrode with liquid 
electrolyte and separator. In this cell, two peaks were seen in the forward (3.917 V and 
4.333 V) and reverse (3.471 V and 3.943 V) scans, with a third shoulder visible at 
approximately 4.1 V and 3.7 V, respectively. These peak-to-peak separations were ~ 400 
V, the peak current ratios were 1.5-1.7 V, and the first peak (3.917 V) was not resolvable 
into two peaks; all three of these features are due to high interfacial resistance. Still, this 
voltammogram does not show evidence of unwanted side reactions between the cathode 
and GPE since all of the redox peaks were predicted. This does not definitively state that 
no side reactions are occurring, but it does suggest that these reactions are substantially 
lower in magnitude than the desired redox reactions. 
6.3.3 Effect of Cathode Design 
 So far, two statements can be made about the NMC | GPE | Li system: (1) If soft 
short circuits do not develop first, cell failure is due to rapid capacity fade brought on by 
high resistance buildup, and (2) There is little evidence suggesting this resistance buildup 
is caused by instability between the cathode material and GPE. Previous testing of this GPE 
in lithium/lithium symmetric cells has shown that it is unstable with lithium [193, 202]. To 
remove any influence of lithium on the system, cathode/cathode symmetric cells with PC-
NMC811 and LFP were tested (see Figure 47).  
 The initial discharge capacity of the PC-NMC811 symmetric cell is 157.1 mAh·g-




significant, but the cell still delivers 29.5 mAh·g-1 by the end of 100 cycles, which is far 
better than any of the cells with lithium metal performed. Additionally, the Coulombic 
efficiency was stable through most of the cycles around 99% (see Figure 47b). The initial 
discharge capacity may be higher than the SSLMB cells due to the greater potential 
window, which may also be responsible for some of the capacity fade. Still, the fade is too 
significant and rapid for this performance to be considered acceptable. 
 To determine if GPE degradation is caused by the high voltage, a LFP | GPE | LFP 
symmetric cell was tested (see Figure 47c). The maximum discharge capacity was 95.8 
mAh·g-1 and was observed in the 10th cycle. The symmetric cell has a significantly lower 
maximum discharge capacity than the LFP SSLMB cell. This is attributed to the shape of 
the LFP charge curve and the associated difficulty with charging a LFP half cell to precisely 
50% SOC. Therefore, this cell could contain a smaller lithium inventory than a fully 
lithiated LFP material. Regardless, the fade in this cell is significant, but not as catastrophic 
as what is observed in the SSLMBs. 
 By removing lithium metal as an electrode, these cells eliminated the possibility of 
lithium dendrites. Based on the consistent Coulombic efficiency and different operating 
potentials of both cells, GPE degradation with the cathode also seems unlikely. Therefore, 
capacity fade may be attributable to an unoptimized cathode design. Several recent studies 
have demonstrated the benefits of using SC cathode particles instead of PC cathode 
particles [203-206]. There are two primary advantages of SC particles compared to PC 




boundaries, and (2) A significantly lower tendency to crack. The second advantage, in 
particular, promotes solid-solid contact, which can be difficult to maintain during cycling. 
 Next, a SC-NMC622 | GPE | Li cell was tested (see Figure 48). In the second cycle, 
the maximum discharge capacity of 153.0 mAh·g-1 was achieved. This is significantly 
better than the PC-NMC811 cell (140.4 mAh·g-1), despite NMC622 having a lower 
practically achievable capacity (170 mAh·g-1) than NMC811 (190 mAh·g-1) [13]. It is also 
substantially better than what Du et al. achieved using PC-NMC622 (118 mAh·g-1) with 
the same GPE and similar cathode loading [193]. The cell did not reach EOL (see Section 
5.3.4) until the 62nd cycle, which was at least 250% better than every other cell tested in 
this chapter. Capacity fade became significant around the 70th cycle; after 100 cycles, the 
cell delivered 33.6 mAh·g-1. 
 The initial increase in discharge capacity could be attributed to a higher lithium 
diffusion coefficient in the SC particles. The improved cyclability could be due to better 
connectivity between the particles and the GPE during cycling since the SC particles do 
not fracture as readily as the PC particles. However, at this point, these reasons are 
speculative. A more thorough analysis would be required to deconvolute the reasons why 
the SC cathode is substantially better than the PC cathode. 
6.4 Conclusions 
 As enumerated in Section 6.1, there are three significant sources of failure in 
SSLMBs with PEO-derived polymer electrolytes and high-voltage cathodes: (1) Lithium 
dendrite propagation, (2) Instability between GPE and the cathode, particularly at high 




permanent short circuits in the cell, which can prevent them from being charged to the 
upper cutoff potential. This can be alleviated by making thicker SPEs, but this is unrealistic 
for energy-dense batteries; a more realistic possibility would be the addition of ceramic 
particles [193]. Instability between the cathode and GPE could be a cause of resistance 
buildup in cells and poor Coulombic efficiency; however, the dust electrode results here 
suggest that the cathode is at least mostly stable with the GPE. By removing lithium and 
cycling symmetric cells, capacity fade was observed and was speculated to be caused by 
poor cathode design. After observing significantly better performance from a cell with SC-
NMC as the cathode, the cathode design was determined to be a more pressing cause of 
poor performance than instability between the cathode and electrolyte. Based on these 
results, these sources of failure could be ranked from most-to-least concerning as follows: 
1 > 3 > 2. This study should assist SSLMB researchers in designing their cells to combat 
lithium dendrite formation and cathode design flaws before assuming that high-voltage 




































 In this dissertation, the colloidal and surface phenomena involved in LIB cathode 
slurry preparation were studied in order to minimize or eliminate the use of NMP. Heating 
cathode slurries demonstrably improves the flow properties of the slurries, both at rest and 
at high shear. However, as stated in Chapter 3, the exact solid loading, viscosity, and 
temperature values from this study are not representative of what could be achieved 
industrially. With larger, more powerful mixers, higher solid loadings can be achieved. In 
a highly concentrated slurry, the increased temperature may not provide as much of a boost 
to the stability since more binder is present in the more concentrated slurry and can thus 
bridge more particles. However, while the solid loading may not be increased that much, 
it could be the case that binder content could be reduced in a concentrated slurry, since the 
binder will move and interlock with greater kinetic energy. To get more concrete, usable 
values, a pilot scale facility with planetary mixers and slot-die coaters is necessary. 
Electrochemical evaluation in pouch cells would also be important to determine if the 
coating quality is improved from warmer mixing and coating. The pilot scale facility would 
also be useful in determining whether the strategy pursued in Section 3.3.5 is feasible. 
Perhaps rather than heating large tanks for hours during storage, slurry that is ready to be 
coated could be transferred to a small holding tank, quickly rejuvenated under shear, then 
heated to rebuild the bridging structure at rest. 
 A more widely-applicable contribution from Chapter 3 is the rheological procedure 
used. Many studies use truncated shear rate ranges (1-100 s-1) that do not capture important 
data points like the LSV, yield stress, and HSV. The study in Chapter 3 is one of the few 




literature and is the only to provide an in-depth protocol to rejuvenate the same sample 
between steps with oscillation time sweeps. 
 Given that three of the five cathode active materials studied in Chapter 4 showed 
very little reactivity with water, aqueous processing of cathodes may be more realistic than 
once thought. Again, few aqueous processing studies have demonstrated successful 
cathodes at pouch cell scale, so a scalability analysis is the next step for many of these 
materials. Prior to this dissertation, NCA had been shown to be impossible to process in 
water without a rigorous surface pretreatment. The addition of PAA represents a drop-in 
solution far simpler than what has been proposed in the literature to this point. However, 
there is a great need to improve the adhesion to the current collector. This could be achieved 
with a chemically etched or corona-treated current collector. It would also be worthwhile 
investigating binders besides TRD 202A, since bio-derived, fluorine-free aqueous binders 
could make the cathode more sustainable. Finally, tuning the amount of PAA is necessary 
to maximize the starting capacity, though this analysis would be best performed in a large-
scale mixer to ensure that the PAA coating process occurs consistently through a large 
batch of slurry. 
 There should be two long-lasting impacts from the SSLMB work in Chapter 6. The 
first is that this study contributes to the growing evidence that single crystal materials are 
vastly superior to polycrystalline materials for SSLMBs. For SSLMBs to approach the 
energy density goals set by hopeful researchers, single crystal particles (or, at the very least, 
a deviation from polycrystalline particles) seem to be necessary. The second impact from 




instance, it is an excellent tool to quickly determine whether a novel synthesis technique 
has created the desired material. Dust electrodes can also be used to empirically discover 
the redox behavior of a new cathode material. 
 By gaining a greater understanding of the colloidal and surface phenomena 
involved in cathode processing, LIBs (and, eventually, SSLMBs) may be made in a more 
affordable, safe, and sustainable fashion. Progress in these three criteria are paramount as 
rechargeable lithium batteries figure to be among the chief tools in combatting climate 
change and reinventing the global energy paradigm. 
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Table 1. A list of auto manufacturers with plans to shift to all-ZEV production in the next 
20 years [207]. 
































Table 2. A list of countries with policies to transition away from ICEVs and towards ZEVs. 
Country Year Plan Details 
Canada 2040 
Establish policies for ZEVs to account for 100% of light-
duty vehicle sales [208] 
Denmark 2030 Ban the sale of new ICEVs by 2030 [209] 
France 2040 Ban the sale of new ICEVs by 2040 [210] 
Germany 2030 Ban the sale of new ICEVs by 2030 [211] 
Iceland 2030 Ban the sale of new ICEVs by 2030 [212] 
Slovenia 2030 Ban the sale of new ICEVs by 2030 [213] 
Spain 2040 Ban the sale of new ICEVs by 2040 [214] 
United Kingdom 2030 Ban the sale of new ICEVs by 2030 [215] 
United States 2030 





















Table 3. Summary of major components (except for the cathode) of an LIB cell. 
Component Materials Functionality 
Electrolyte 
Salt: LiPF6, LiC2F6NO4S2 (LiTFSI), 
LiB(C2O4)2 (LiBOB), LiF2NO4S2 (LiFSI), 
LiBF2(C2O4) (LiDFOB), LiC6F3N4 
(LiTDI) 
 
Solvent: Ethylene carbonate (EC), 
dimethyl carbonate (DMC), ethylmethyl 
carbonate (EMC), diethyl carbonate 
(DEC), ethylene carbonate (EC) 
 
Additives: Vinylene carbonate (VC), 
fluoroethylene carbonate (FEC) 
The electrolyte fills the 
pores of the electrodes and 
separator to provide an 
ionically-conducting 
medium for lithium ions. 
The lithium salt promotes 
ionic conductivity and is 
dissolvable within the 
solvent(s) to form a low-
viscosity fluid to facilitate 
ion transfer. Additives can 
help improve the thermal 
stability of the electrolyte 
to improve its safety 
features [13]. 
Separator 
Microporous polyethylene and/or 
polypropylene, electrospun 
polyacrylonitrile 
The separator prevents 
contact between the 
electrodes, which would 
cause a short circuit and 
cell failure. It is ideally 
thin, porous, and low-
tortuosity to facilitate 
lithium ion transfer [216]. 
Anode 
Lithium metal (typically for solid-state 
batteries), graphite (highly 
commercialized, typically for high energy 
density applications), and Li4Ti5O12 (LTO, 
typically for high power density and high 
safety applications) 
The anode intercalates 
lithium ions into its 
crystalline lattice during 
cell charge and 
deintercalates lithium ions 
from its crystalline lattice 
during cell discharge [13]. 
The exception to this is 
lithium metal, in which 
case lithium is plated onto 
its surface during charge 
and stripped from its 





Table 4. Summary of defects that are observed in electrode coatings [217]. 
Defect Cause Consequence 




Air bubbles bursting in the 
coating 
Diminished Coulombic 




Worn out hardware Poor rate capability 
Exaggerated non-
uniformity in coatings 
Insufficient slurry mixing, 
slurry with too high a solid 
content 
Poor rate capability 
Mud cracking 
Too much solvent removed 
in primary drying 
Crumbling electrode roll 
during manufacturing 
 
Table 5. Review of methods used to study electrode drying. 
Method Advantages Disadvantages 
Empirically vary drying 
parameter(s) and examine 
effect on performance 
Direct observation of how 
a change in a parameter 
can improve (or worsen) 
the final product 
Provide little information 
on underlying drying 
mechanisms, generally 
require sophisticated lab 
equipment 
Empirically vary drying 
parameter(s) and examine 
effect on morphology 




microscopy [42]) or post-
mortem (Raman 
spectroscopy [44], X-ray 
photoelectron spectroscopy 
[43]) 
There is a trade-off 
between in-situ techniques 
being qualitative and post-
mortem techniques being 
quantitative, generally 
require sophisticated lab 
equipment or techniques 
Simulate drying processes 
with computer models 
Allows for variation of 
many parameters in short 
order, does not require 
sophisticated lab 
equipment 
Often require simplifying 
assumptions that may not 
be representative of real 








Figure 1. Block diagram summarizing the main stages in the LIB manufacturing process. 
 
 









Polymer 0.01-0.15 [68] 
Low, due to 
conductivity 






[223] or requires 
a buffer layer 




Oxide 0.25-1.0 [68] 
High, due to 
conductivity 













Sulfide 2.0-27.0 [68] 
High, due to 
conductivity 






or requires a 







but must be 
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Table 8. Colloidal stability as a function of zeta potential [170]. 
Zeta Potential (mV) Colloidal Stability 
0 to ±5 None 
±5 to ±30 Developing stability 
±30 to ±40 Moderate stability 
±40 to ±60 Satisfactory stability 





Figure 3. Cartoon depicting the change in potential as a function of distance from a 









Figure 5. Cartoon depicting the various electrode processes that can be modelled with the 





Table 9. Mechanisms by which sedimentation of active material can be mitigated. 
Solution Comment 
Select a solvent with a density 
nearly equal to that of the active 
material 
Most cathode active materials have a tap density > 2 
g·cm-3; solvents that can dissolve PVDF do not 
approach this density 
Reducing the size of the active 
material particles 
Aggregated active materials are held together by 
strong electrostatic forces that are difficult to break 
up during mixing; nanosizing particles have larger 
surface area that cause more unwanted side reactions 
with electrolyte; this will also lead to a reduction in 
the solid loading and will require more NMP solvent 
to be used 
Increasing the solid content, 
thereby densifying the 
dispersing medium 
Industrially, solid contents of NMP-based cathode 
slurries are around 60 wt%; increasing the solid 
content further would cause a significant rise in 
viscosity and make the slurry unusable 
Increasing temperature during 
mixing and storage 
This will increase the Brownian motion of the 
particles, though the Brownian motions still cannot 
match the magnitude of the sedimentation force for 
micron-sized particles; increased temperature can 

























Table 10. Calculated Herschel-Bulkley parameters for tested cathode slurries. 
Sample Yield Stress, σ0 (Pa) 
Consistency Index, 
K (Pa·sn) 
Flow Index, n R2 
25°C 27.4 5.1 0.68 0.995 
40°C 28.6 5.7 0.65 0.999 
50°C 30.1 5.6 0.64 0.997 
60°C 31.0 5.1 0.64 0.996 
75°C 27.7 3.0 0.70 0.993 
 
 
Figure 9. Dynamic viscosity profile of tested cathode slurries. The dashed purple line 












Figure 10. a) Percent difference in viscosity between the room temperature slurry (25°C) 
and the slurries at elevated temperatures. b) Percent difference in critical coating speed 
between the room temperature slurry and the slurries at elevated temperatures, as calculated 




Figure 11. (a) Amplitude sweep data presented in terms of modulus. (b) Normalized 
storage modulus plotted as a function of strain. The purple line is indicative of the point at 






Figure 12. Frequency sweep data presented in terms of modulus at γ = 0.1%. 
 
 










25°C 0.34 0.37 0.985 0.999 
40°C 0.22 0.31 0.934 0.999 
50°C 0.23 0.33 0.909 0.998 
60°C 0.17 0.27 0.884 0.995 















Figure 14. a, b) SEM images of electrodes coated at 25°C. c, d) SEM images of electrodes 






Figure 15. a) Discharge capacity of cells tested with cycle life protocol. b) Potential curve 







Figure 16. Number of peer-reviewed studies dedicated to aqueous processing of cathodes. 
 
 
Figure 17. Cartoon depicting cation exchange occurring when cathode active materials are 
placed in water. 
 
Table 12. The sizes, shapes, and manufacturers of the active material particles used. 
Material Particle Size (d50, μm) Particle Shape Manufacturer 
LCO 10 Elliptical 
Nippon Chemical Industrial 
Co. 
LFP 0.1 Acicular Phostech Lithium Inc. 
LMO 10 Spherical Toda America 
NCA 5 Spherical Toda America 





Figure 18. Flowchart depicting ICP-MS testing procedure. 
 




















LMO NMP 90 5 5 - - 
LMO DI water 90 5 4 1 - 
NCA NMP 90 5 5 - - 











Figure 20. XRD patterns for a) LCO, b) LFP, c) LMO, d) NCA, and e) NMC532 for dry 








Table 14. Lattice parameters of the crystal structures for each active material according to 
Rietveld refinement. 
Sample a (Å) c (Å) c/a V (Å3) GOF 
D-LCO 2.82 14.05 4.99 96.42 0.02 
W-LCO 2.82 14.05 4.99 96.43 0.02 
D-NCA 2.86 14.19 4.95 100.72 0.01 
W-NCA 2.86 14.18 4.95 100.67 0.01 
D-NMC532 2.87 14.25 4.96 101.72 0.02 
W-NMC532 2.87 14.24 4.96 101.69 0.02 
Olivine Materials 
Sample a (Å) b (Å) c (Å) V (Å3) GOF 
D-LFP 10.32 6.00 4.69 290.61 0.04 
W-LFP 10.32 6.00 4.69 290.74 0.05 
Spinel Materials 
Sample a (Å) V (Å3) GOF 
D-LMO 8.20 551.20 0.02 






Figure 21. Surface composition (in at%) of the dry (red) and wet (blue) of a) LCO, b) LFP, 






Figure 22. Core energy spectra for the dry (red) and wet (blue) LCO samples. a) The Li 1s 






Figure 23. Core energy spectra for the dry (red) and wet (blue) LFP samples. a) The Li 1s 






Figure 24. Core energy spectra for the dry (red) and wet (blue) LMO samples. a) The Li 






Figure 25. Core energy spectra for the dry (red) and wet (blue) NCA samples. a) The Al 







Figure 26. Core energy spectra for the dry (red) and wet (blue) NMC532 samples. a) The 
Li 1s + Ni 3p + Co 3p + Mn 3p spectra, b) the Ni 2p spectra, c) the Mn 2p spectra, d) the 






Figure 27. Ion concentration in solvent after 1 h (green) and after 24 h (purple) for a) LCO, 






Figure 28. Ion concentration in electrolyte after 1 h (green) and after 24 h (purple) for a) 





Table 15. Brief summary of the electrochemical performance of aqueous-processed LCO, 










NH4) to disperse LCO 
particles; made into 
slurry with latex binder 
(LA132) 





With 0.01 wt% PAA-NH4, there 
was 129.1 mAh·g-1 capacity at 
3C; with no PAA-NH4, there 
was 8.2 mAh·g-1 
[165] 
Use vapor grown 
carbon fibers (VGCFs) 
as conductive additive; 
made into slurry with 
styrene butadiene 
rubber and CMC 





With optimal treatment of 
VGCFs, there was 65 mAh·g-1 
capacity at 3C; with no VGCFs, 




(PEI) to disperse LFP 
particles; made into 
slurry with xanthan 
gum 
2.5-4.3 V, 0.4 
mAh·cm-2 cathode 
loading, Li metal 
anode, +0.2C/-0.2C, 
uncalendered 
With PEI, the capacity retention 
after 50 cycles was nearly 100%; 
without, it was 94%. The 
capacity increased from 143 (no 




Coated LMO particles 
with PAALi before 
mixing into slurry; 
made into slurry 
LA132 
3.3-4.4 V, 0.25 
mAh·cm-2 cathode 





At 1C, the optimal coating gave 
a capacity of 112.1 mAh·g-1, 
unmodified LMO (still aqueous-




Coated NCA particles 
with TiOx and Li2CO3 
before mixing into 
slurry; made into slurry 
with CMC and TRD 
202A 
2.5-4.25 V, 0.6 
mAh·cm-2 cathode 




dropped from 196 to 190 
mAh·g-1 after 30 cycles, NMP-
processed baseline dropped from 
200 to 193 mAh·g-1 
[157] 
Coated NCA particles 
with PA before mixing 
into slurry; made into 
slurry with CMC and 
carbon black 
3.0-4.3 V, 2 
mAh·cm-2 cathode 
loading, Li metal 
anode, +1C/-1C, 
calendered to 50% 
of original thickness 
Aqueous-processed NCA 
retained 94.8% of capacity after 
50 cycles, NMP-processed 
baseline retained 96.2%; water-
processed NCA had a lower 




No details are given on 
the preparation of the 
cathode 
2.5-4.2 V, 1.5  Ah 





Both cells retained 83.7% of 
their capacity after 668 cycles, 
despite aqueous-processed 




(IPA) to reduce surface 
energy of slurry; used 
CMC and acrylic 
emulsion binder 





Aqueous-processed cathode with 
80% water, 20% IPA retained 
97.3% of capacity after 100 








Figure 29. Discharge capacity and Coulombic efficiency of baseline (blue) and aqueous-
processed (black) half coin cells featuring a) LMO and c) NCA. Voltage profiles of the 1st 







Figure 30. Surface SEM images of the a) aqueous-processed NCA coating and b) the 
baseline NCA coating. 
 
 
Figure 31. Cartoon depicting how high-MW PAA can provide better binding properties 










Table 16. The six dispersions used in pH testing. 
Sample No. NCA 
(wt%) 





1 100.0 -- -- -- -- 
2 99.0 1.0 -- -- -- 
3 98.0 2.0 -- -- -- 
4 99.0 -- 1.0 -- -- 
5 95.0 -- 1.0 4.0 -- 
6 95.0 -- -- -- 5.0 
 
 
Table 17. The four powders analyzed using XPS. 
Sample ID Solution 
A None (pristine) 
B DI water 




Table 18. The two slurries used in rheological testing, as well as those coated onto 


















Baseline 48.0 90.0 5.0 5.0 -- -- -- 
Aqueous-
Processed 






Figure 32. a) The pH of six dispersions over the first 4 h of exposure. b) Cartoon depicting 







Figure 33. For pristine NCA (red), NCA in water (blue), NCA in aqueous PAA solution 
(green), and NCA in NMP (purple), the following XPS ranges are shown: a) whole range, 







Figure 34. The zeta potential of the four dispersions tested. The dotted line at y = -60 








Figure 35. Flow ramp test results shown as a) stress vs. shear rate and b) viscosity vs. shear 






Figure 36. a) As-coated and b) calendered cathodes processed in NMP. c) As-coated and 
d) calendered cathodes processed in water. e) Uncalendered cathode with 2 wt% PAA on 
copper foil processed in water. f) Uncalendered cathode with 1.5 wt% PAA and g) 3 wt% 
PAA on aluminum foil. h) Uncalendered cathode with 2 wt% PAA and 4:1 H2O:IPA by 
weight solvent on aluminum foil. i) Uncalendered cathode with 2 wt% PAA on aluminum 












Figure 38. CV response of the baseline and aqueous-processed cathodes. 
 




Potential Difference (V) 
Phase Transition 
0.063 (3.746 → 3.683) 0.263 (3.861 → 3.598) H1 to M 
0.096 (4.010 → 3.914) 0.229 (4.078 → 3.849) M to H2 





Figure 39. Nyquist plot from EIS protocol performed a) after formation and b) after 100 
cycles. 
 
Table 20. Resistance values derived from the EIS data after formation cycling and after 
100 cycles. 
Cathode 
Rohmic (Ω) RSEI (Ω) Rct (Ω) Rohmic (Ω) RSEI (Ω) Rct (Ω) 
After Formation After 100 Cycles 
Baseline 2.5 5.7 11.2 2.2 6.7 8.7 
Aqueous-
Processed 






Figure 40. a) Cycling behavior of full coin cells (spheres) and extrapolation of their long-
term performance (solid lines). Differential capacity analysis of the first, 100th, and 360th 












Figure 42. Rate capability data of full coin cells; the C-rates shown are the discharge rates 












Figure 44. Optical microscope images of the surface of a) the bare gold disc and b) the 








Figure 45. a) Cycling performance of three cells built with GPE and lithium metal anode. 
b) Select potential profiles showing the rapid resistance growth in the cells. c) Select 







Figure 46. a) CV of composite NMC811 cathode in a standard LIB half-cell format. b) CV 
of dust electrode with two additional spacers and GPE. c) CV of dust electrode with some 






Figure 47. Cycling performance of a) PC-NMC811 and c) LFP symmetric cells. 
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